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Abstract 
    Photocatalyst coatings were fabricated by heat treatment (HT) processes for the 
prepared Ti coatings, which were coated on Al2O3 balls by mechanical coating 
technique (MCT) using Ti powder. The HT processes including HT in air, HT in carbon 
powder, multi-HT, were used to enhance the photocatalytic activity of photocatalyst 
coatings. The formed compounds, morphology evolution, photocatalytic activity of 
photocatalyst coatings were investigated by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), energy dispersive spectrometer (EDS), and evaluation of 
photodecomposition of methylene blue (MB) solution under ultraviolet (UV) or visible 
light irradiation at room temperature. The results showed that HT in carbon powder 
could effectively enhance the photocatalytic activity of photocatalyst coatings, 
compared with that of other HT processes. 
    In order to enhance the photocatalytic activity of photocatalyst coatings, 
photocatalyst coatings were fabricated by HT processes for the M-Ti coatings, which 
were coated on Al2O3 balls by MCT using M (chromium (Cr), vanadium (V), and 
carbon) and Ti powders. The influence of the added amount of the Cr or V powder on 
the coating formation is slight, while the influence of the added amount of the carbon 
powder is remarkable. The carbon-Ti coatings are discontinuous, when the added 
amount of carbon powder is higher than 3%. Photocatalyst coatings fabricated by HT 
processes with different temperatures and times for the M-Ti coatings had been 
investigated. The enhancement of adding other powders on photocatalytic activity of 
photocatalyst coatings is unsatisfactory. 
    In order to enhance the photocatalytic activity via the heterojunction of TiO2 and 
TiC, TiC coatings were coated on Al2O3 balls by MCT using TiC powder. TiO2 formed 
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on the surface of TiC coatings by HT in carbon powder for TiC coatings. Then, the 
photocatalyst coatings with the heterojunction of TiO2 and TiC were formed. The 
photocatalyst coatings show nano-bump structure and higher photocatalytic activity, 
especially under visible light irradiation. The influence of HT temperature and time on 
the photocatalytic activity had been intensively investigated. The photocatalytic activity 
of the samples fabricated at 1073 K for 2 h is most satisfactory. 
    As Ti powder is easier to coat on Al2O3 balls than that of TiC powder, Ti powder 
was used to improve the coating formation of TiC powder. The influence of the added 
amount of TiC powder on the thickness of the TiC-Ti coatings could be considered to be 
with three stages. The continuous TiC-Ti coatings could be formed, when the added 
amount of TiC powder is lower than 60%. Rutile TiO2 formed on the surface of the 
TiC-Ti coatings to be the heterojunction of TiO2 and TiC by HT in carbon powder. The 
photocatalytic activity of the TiO2/TiC-Ti coatings first increased and then decreased 
under visible light irradiation, with increasing the added amount of TiC powder. The 
photocatalytic activity shows highest when the added amount of TiC powder is 60%. 
   Molten salt treatment for TiC coatings was used to enhance the photocatalytic 
activity of photocatalyst coatings. Photocatalyst coatings of K2Ti6O13-TiO2/TiC 
fabricated by molten salt treatment, are with significant absorption stability and higher 
photocatalytic activity. The surface morphology of K2Ti6O13-TiO2/TiC is flower-like 
structure with nano-sheet (about 20 nm thick).
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Chapter 1. Introduction and overview 
 
1.1 Energy-related and environmental situation 
1.1.1 Energy-related crisis and the countermeasures 
    Energy resources play a very important role in the world. Energy is considered a 
prime factor in the generation of wealth and economic development. Without energy, 
the whole economic society as we know it would fall apart. The effect of a 24-h cut in 
electricity supplies to a city shows how totally dependent on that particularly useful 
form of energy. As populations grow, many faster than the average 2%, the need for 
energy resources is exacerbated. With improved lifestyle, energy demand rise together 
and the wealthy industrialized economies, that contain 25% of the world's population 
consume 75% of the world's energy supply [1.1]. One of the most importance is the 
requirement for a supply of energy resources that is fully sustainable [1.1-1.3]. The 
energy resources could be divided into three categories: fossil fuels, renewable 
resources, and nuclear resources. The importance of energy in economic development is 
recognized universally and historical data verify that there is a strong relationship 
between the availability of energy and economic activity. Renewable energy resources 
are also often called alternative sources of energy [1.4-1.6]. 
The countermeasures to energy-related issues requires long-term conducts for 
sustainable development. During the oil crises of early 1970 s, there has been active 
research and development in the field of renewable energy resources and the relative 
systems. Energy conversion systems were based on renewable energy technologies 
appeared to be most attractive, because of these facts of the high cost of oil, the cost 
effectiveness estimates, and easy implementation of renewable energy systems [1.8]. 
Given both the market of fossil fuels in world energy supply and the difficulties 
associated with continued or increasing demand and use of coal, petroleum, and natural 
gas. We also need to consider the current status and future potential for a range of 
renewable technologies: hydrogen energy, nuclear energy, solar energy, wind energy, 
and so on [1.7-1.18].  
Among these kinds of renewable energy, hydrogen energy has been considered as 
the greenest and promising energy, because the use of fossil fuels usually is with 
harmful oxides. Hydrogen is future fuel and energy carrier, due to its combustion only 
produces water as byproduct. Hydrogen is carbon free and hence environmentally 
friendly, which is considered as the alternative fuel as it can be generated from clean 
and green energy sources. Hydrogen can be used as energy sources for different 
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appliances, such as hydrogen fuel cell vehicles and portable electronics. However, 
presently very less percent of hydrogen is produced from renewable sources through 
water electrolysis while rest of it is still derived from fossil fuels [1.7, 1.8]. Therefore, 
achievement of solar hydrogen production from water has been urged. Energy from 
sun-light absorbed by photocatalyst dispersed in a pool with water, and then hydrogen is 
readily obtained. The necessity of separation of H2 evolved from O2 is disadvantageous 
toward the photocatalytic water splitting process. However, the problem will be able to 
be overcome using a charge-transfer photocatalyst system. So, photocatalytic water 
splitting is an attractive reaction and will contribute to an ultimate green sustainable 
chemistry and solving energy and environmental issues resulting in bringing an energy 
revolution. From the Gibbs free energy change, water splitting by photocatalyst is 
distinguished from photocatalytic degradation reactions such as photo-oxidation of 
organic compounds using oxygen molecules that are generally downhill reactions. This 
downhill-type reaction is regarded as a photoinduced reaction and has been extensively 
studied using TiO2 photocatalysts [1.8-1.11]. 
Nuclear is a kind of source with an ultra-concentrated of energy. One metric ton of 
uranium is capable of forty-four million kWh of electricity. [1.7, 1.12]. Meanwhile, 
nuclear energy is usually controversial in public, because of its related association to 
atomic weaponry, its operational safety records and the radioactive waste materials it 
produces [1.13-1.15]. In recent years, solar power has become the growing renewable 
energy source in terms of new installations. The biggest economic challenge of solar 
photovoltaics faces is to achieve grid parity, or competitiveness with retail electricity 
prices on a per kilowatt-hour basis [1.16, 1.17]. Recently, growth trends for the 
installation of wind energy capacity are on the rise, with current installation in excess of 
230 TWh [1.7]. One of the major challenges is to optimize an appropriate support 
structure, which could contribute almost forty percent of the total cost [1.18].  
1.1.2 Environmental problems and the improvement measures 
The supply and use of energy are related not only to global warming, but also to 
the environmental problems, such as air pollution, waste water, forest destruction, and 
emission of radioactive substances. These environmental problems must be taken into 
consideration if humanity is to achieve a bright future with minimal impacts on the 
environment. In some areas, the prices of some energy resources have increased year by 
year, partly to the environmental costs. Meanwhile, the concern will likely increase 
regarding energy-related environmental problems, such as air pollution, stratospheric 
ozone depletion and global climate change. 
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During the past two decades the risk and reality of environmental degradation have 
become more apparent, concentrated on air pollutants such as SO2, NOx, CO, and so on. 
Recently, environmental problems have extended to the control of air pollutants, such as 
hazardous chemical substances and harmful in small doses, as well as to that of globally 
significant pollutants. The developments in industrial processes and structures would 
cause some new environmental problems. Recently, many reports have presented that 
some detailed information on these pollutants and their impacts on the environment 
[1.19-1.21]. 
Some potential solutions to the current environmental problems associated with the 
harmful pollutant emissions could be considered as follows: renewable energy 
technologies, recycling, efficient energy utilization, energy storage technologies, 
cogeneration and district heating, optimum monitoring and evaluation of energy 
indicators, policy integration, carbon or fuel taxes, materials substitution, promoting 
public transport, increasing public awareness, and so on. Among the listed potential 
solutions, renewable energy sources supply about 14% of the total world energy demand. 
During the renewable energy sources, hydrogen energy has been considered as the most 
important one, domestic and clean or inexhaustible energy resources, which has been 
discussed above. A hydrogen-based zero emission energy system that harvests solar 
energy to produce clean hydrogen fuel via water splitting has been considered to be one 
of the ultimate solutions to energy shortage and environmental pollution. Numerous 
attempts have been made to develop photocatalysts that work not only under UV light 
but also under visible light illumination to efficiently utilize solar energy. One of the 
most well-known photocatalysts used in the past years is TiO2 photocatalyst. 
1.2 Photocatalyst and its high performance 
1.2.1 Introduction of photocatalyst 
Photocatalyst has recently become a well-known word and various materials using 
photocatalytic functions have been commercialized. Photogenerated process has been 
considered as an important view to developing several industrially oriented applications. 
About photocatalysis, it is commonly understood that any catalyzed process under the 
UV visible-infrared range [1.22-1.25]. Photocatalysts are usually solid semiconductors 
that are able to absorb visible and/or UV light irradiation, chemically and photostable, 
inexpensive and nontoxic. Among the usual semiconductors of TiO2, ZnO, SrTiO3, 
CeO2, WO3, Fe2O3, GaN, CdS and ZnS for photocatalyst, TiO2 is considered as the 
suitable material for industrial use. Since the report of the water splitting using a TiO2 
４ 
 
E (eV)
 
Fig. 1.1 CB and VB energy levels of several common semiconductors referred [1.30]. 
 
electrode under an anodic bias potential from Honda and Fujishima [1.26], there are 
many researches have been intensively devoted to the development of photocatalytic 
materials, with utilizing the solar energy and thus solving the increasing global 
problems of environmental remediation and clean fuel production.  
Decades of efforts have successfully fabricated a wide range of efficient 
semiconductor-based photocatalytic materials. Considering the energy level of the 
electron in the vacuum as reference and as the uppermost level, the upper band is called 
the conduction band (CB), and the lower one the valence band (VB). The electronic 
energy structure within a semiconductor consists of three distinguished regimes: the CB, 
the VB and the forbidden band. The forbidden band represents a region in which, for an 
ideal, undoped semiconductor, energy states do not exist. Energy states only exist above 
and below this region. In terms of energy, the difference between the upper edge of the 
VB and the lower edge of the CB is called the bandgap (Eg) of the semiconductor. If the 
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two levels can be described with the same wave vector, the semiconductor is considered 
to have a direct band gap; otherwise it has an indirect band gap. The band gap is one of 
the most critical parameters defining the optical properties of semiconductors 
[1.27-1.29]. Fig. 1.1 shows the CB and VB energy levels of several common 
semiconductors [1.30]. In the following part, it will introduce some of common 
semiconductor photocatalysts, focusing on TiO2 and briefing about ZnO, SnO2, WO3, 
and CdS. 
1.2.1.1 TiO2 
Photocatalysis TiO2 has been attracted much attention for environmentally friendly 
applications in many fields, due to its high activity, good stability, low cost and so on. 
TiO2 has been widely used in photocatalytic applications, including the degradation of 
organic pollutants in aqueous and gaseous phases, hydrogen gas generation from 
photocatalytic water splitting, removal of heavy metals from contaminated waters, and 
so on [1.31, 1.32]. Studies on photocatalysis TiO2 have been increasingly prosperous, 
since the first report from Nature in the 1972 [1.26, 1.33, 1.34]. The reaction processes 
during TiO2 absorbs the energy from light higher than that of band gap, have been 
widely accepted as follows. Firstly, the electrons and holes will be separated after 
absorbing the necessary energy, and some of electrons are raised into the CB then holes 
left in the VB. Then, some of the electrons and holes reach the surface, where 
subsequent chemical reactions can occur. The main cause for the photocatalytic activity 
of TiO2 is usually considered to be the formed ●OH radicals. The ●OH radicals 
generated by conversion of photogenerated holes upon contact with the adsorbed H2O 
molecules on TiO2. The related reactions are presented to the following pathways: 
TiO2 + hv (≥Eg) → hVB+ + eCB-                 (1.1) 
hVB+ + eCB- → TiO2 + heat                     (1.2) 
hVB+ + TiIVOH/H2O → TiIVOH●+/OH●+ + H+    …   (1.3) 
 
The photocatalytic activity of TiO2 towards a specific reaction depends on both its 
properties and external conditions. The influential properties could be considered to the 
surface morphology, particle size, specific surface area, crystal structures, and so on. 
The external conditions involve the intensity of the light irradiation, the pH of the 
reaction system, and so on. These factors often interactively influent on the 
photocatalytic activity [1.35]. 
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TiO2 is with three crystal phases: rutile, anatase, and brookite. Anatase 
and rutile TiO2 are commonly used as photocatalysts, and anatase usually shows a 
higher photocatalytic activity than that of rutile [1.36]. The difference in their 
photocatalytic activity arises from their different lattice structures and electronic band 
structures. Anatase is the most commonly employed in photocatalytic applications due 
to its superior photocatalytic properties [1.23, 1.37]. Anatase is the least stable TiO2 as a 
bulk phase. Based on the energy calculations, the grain size of anatase is below 10-20 
nm would be the most stable phase. The crystal structure of TiO2 could be described in 
terms of TiO6 octahedral chains. The difference could be divided by the distortion of 
each octahedron and the assembly pattern of the resulting octahedral chains. Although 
the Ti-Ti distances in the anatase structure are greater than in rutile, the Ti-O distances 
are shorter [1.38, 1.39]. These structural differences cause different mass densities and 
lead to different electronic band structures. In fact, TiO2 has two major drawbacks, 
consisting in its relatively large energy band gap (3.2 eV for the anatase, 3.0 eV for the 
rutile), which hampers the exploitation of solar light in photocatalytic reactions, and the 
high recombination of the photogenerated electron-hole pairs. Various strategies to 
enhance the photocatalytic activity of TiO2, including the modification of crystal phase, 
regulation of electronic structure, interfacial heterojunctions, surface sensitization and 
modification of semiconductor, have been developed in an attempt to modify the 
reaction processes, such as involving light harvesting and excitation, as well as surface 
trapping and charge transfer. 
1.2.1.2 ZnO, SnO2, WO3, and CdS 
From Fig. 1.1, it shows that the band gap of ZnO is similar to that of TiO2. ZnO is 
also anticipated to exhibit similar photocatalytic activity to that of TiO2, because that the 
main factor on the activity is dependent on the energy level of CB and VB. The main 
drawback of ZnO is its chemical instability in an aqueous environment, according to the 
following reactions. Hence, the pH range for ZnO has been widely investigated [1.40, 
1.41]. 
ZnO + 2Haq+ ⇋ Znaq2+ + H2O               (1.4) 
ZnO + H2O ⇋ Zn(OH)2                  (1.5) 
 
ZnO has shown photocatalytic activities in the reduction or oxidation, including 
organic dyes, pulp and paper bleaching effluents, and so on. The similar oxidation 
pathways of TiO2 were confirmed by ZnO. But the implementation of ZnO 
photocatalytic systems has not flourished like that of TiO2 systems, mainly because of 
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their unsatisfactory stability. Under extended light irradiation, ZnO suffers from 
photodecomposition, which is mainly owing to the oxidation of ZnO from the solid 
phase into the aqueous phase by holes [1.40]. In addition, ZnO has been attracting more 
attention in other fields, such as sensors, optoelectronics, field emission units, and so on 
[1.42-1.44]. 
The band gap of SnO2 (also as an n-type semiconductor) is a litter wider, about 3.8 
eV. From Fig. 1.1, the CB position of SnO2 is incapable of reducing oxygen molecules. 
Therefore, in the past, SnO2 has not been considered as suitable photocatalyst that can 
be used individually. However, SnO2 may possibly provide another way to play the role 
on photocatalytic systems, when coupled with other semiconductors with suitable 
matching of band levels [1.45-1.47]. Recently, the SnO2 with a much narrower bandgap 
of 2.53 eV was also reported, with corresponding to an absorption edge of 490 nm 
[1.48]. In addition, an interesting type of SnO2 photocatalyst, nano-sized V-shaped 
bipods, shows a broad photo-response in the visible light region up to 550 nm. This 
could be considered to be caused by the formation of oxygen vacancies, coupled with 
abundant surface states [1.49]. 
    WO3 and CdS could be excited by visible light irradiation, owing to their similar 
and relatively narrow bandgaps, 2.6 eV and 2.25 eV, respectively. Hereinafter, they will 
be jointly discussed. The upper edge of the VB of WO3 is close to that of TiO2. Thus, 
the generated holes in WO3 upon bandgap excitation could oxidize a wide range of 
compounds. The advantage of WO3 photocatalyst is that the bandgap is only ∼2.6 eV, 
which is ∼0.6 eV narrower than that of TiO2. Therefore, more visible light could be 
harnessed by WO3 from the sunlight [1.50]. Another advantage of WO3 is its good 
stability in acidic aqueous solutions, making WO3 to be a kind of wonderful 
photocatalyst. The photoelectrochemical behavior of WO3 contributes an instructive 
knowledge for the development of photocatalytic systems by water splitting [1.51, 1.52]. 
The difficulty in the overall water splitting by WO3 is that the lower edge of the CB lies 
below the redox potential of H2O/H2, as illustrated in Fig. 6. This means that the 
reduction of water molecules to generate hydrogen gas is thermodynamically 
unfavorable. Coupling with other semiconductor materials and doping by metal ions are 
other alternatives to make use of the oxidation power of WO3 for water splitting 
[1.53-1.55]. From Fig. 1.1, CdS has a higher VB edge as compared with the 
above-mentioned metal oxides. The vault of the VB of metal oxide is usually decided by 
the formed O 2p states, while the vault of the VB of CdS is owing to the formed S 2p 
states. The electronegativity of S is smaller than that of O, which would cause the 
８ 
 
different VB positions for the semiconductors. The light absorption by CdS varies 
significantly, which would be affected by the decrease in size of the particles. Moreover, 
the effect of quantum size can be maintained during the assembly of CdS films from 
quantum-sized CdS particles [1.56]. However, there might even be fundamental 
problems of CdS to form molecular hydrogen from water based upon the position of its 
conduction band edge [1.57]. Recently, this problem has been solved by a new approach 
for the preparation of CdS, meanwhile shown high photocatalytic activity for hydrogen 
production [1.58]. 
1.2.2 Photocatalytic mechanism of TiO2 
The fundamentals underlying the heterogeneous photocatalysts employing the 
semiconductor TiO2 have been intensively reported in many researches [1.59-1.64]. 
TiO2 has been widely used as a photocatalyst for inducing a series of reductive and 
oxidative reactions on its surface. When photon energy (hv) with higher than the band 
gap energy of TiO2 is illuminated onto its surface, usually 3.2 eV (anatase) or 3.0 eV 
(rutile), the lone electron will be photogenerated to the empty conduction band, as 
shown in Fig. 1.2. The light wavelength for such photon energy is usually less than 400 
nm. The photonic excitation leaves behind an empty VB, and thus creating the 
electron-hole pairs. Fig. 1.2 also shows that the two kinds of recombination of the 
formed electron-hole pairs would occur in the volume and surface of TiO2. Only those 
of electrons and holes reach on the surface could play the catalytic role, to generate 
hydroxyl radicals and superoxide anions. 
The main factor for the photocatalytic activity of TiO2 is considered to be the 
formation of ●OH radicals, by photogenerated holes upon contact with the adsorbed 
H2O molecules on TiO2. The ●OH radicals with highly active could degrade most 
organic pollutant molecules. Oxygen molecules dissolved in H2O also lead to the 
formation of ●OH radicals [1.59-1.61]. 
The influence on photocatalytic property includes the surface morphology, primary 
particle size, specific surface area, degree of aggregation, and crystalline structures, 
while the external conditions involve the irradiation intensity, the pH of the reaction 
system, and the bias potential if applied to TiO2 film. These factors often interactively 
affect the overall photocatalytic activity [1.62-1.64]. 
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Fig. 1.2 Schematic diagram of the mechanism of photogenerated electron-hole pairs in 
TiO2. 
1.2.3 Improvement of photocatalytic activity of photocatalyst 
From Fig. 1.2, it will be easy to understand the enhancement on photocatalytic 
activity of photocatalyst TiO2. They focus on two main opinions of narrowing the band 
gap and suppressing the recombination of the electron-hole pairs.  
1.2.3.1 Narrowing the band gap by doping element and introducing oxygen vacancy 
The introduction of a dopant in the TiO2 lattice may affect the electronic band 
edges or introduce impurity states in the band gap of the system. The doping of TiO2 is 
currently attracting considerable interest as a promising route to extend the optical 
absorption of this material to the visible spectral region. This would allow the use of 
sunlight in photochemistry and photocatalysis, with important and beneficial fallout on 
the environment and economy. The most widely used approach to enhancement of the 
photocatalytic activity under the visible region has been doping with metals or more 
recently non-metallic elements. Doping with nonmetal atoms has been determined to be 
more effective than transition-metal doping, which has the drawback of yielding 
samples with poor photo-stability [1.65-1.67].  
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Fig. 1.3 Energy states in TiO2 with being doped by Fe, Cr and V ions, with ref. 1.69. 
 
When metal-ion doped into semiconductor, the new energy states could be formed 
either within or beyond the bandgap of semiconductors. Fig. 1.3 shows a illustrating of 
the dopant levels could be within the energy diagram of a transition-metal-ion-doped 
TiO2 [1.68]. If Cr3+ and Fe3+ are doped into the lattice of TiO2 by substituting Ti4+, the 
oxygen vacancies will generate because of the requirement of electro-neutrality. 
Therefore, only a part of the dopant centers will have a full coordination sphere of 
lattice oxygen atoms, while the other dopant centers are in the position of having an 
oxygen vacancy at a nearest neighbor site [1.69-1.72].   
Among nonmetal elements, nitrogen (N) has been extensively studied in the past 
few years [1.65, 1.73-1.75]. Theoretical studies have been performed to clarify the 
origin of the observed red shift of the optical absorption edge. Therefore, the use of N as 
dopant element of TiO2 rapidly grew. However, it soon became clear that N-doped TiO2 
is frequently inactive in photo-oxidation reactions under visible light irradiation, even 
N-doped TiO2 could absorb visible light. Recently, various experimental studies report 
carbon (C)-doped TiO2 absorption properties in the visible spectrum. C-doped anatase 
powders, rutile coatings have been obtained through various synthetic routes [1.76-1.79]. 
The synthesis routes include flame oxidation, high temperature sintering of carbon 
containing TiO2 precursors, chemical vapor deposition (CVD), hydrothermal and 
solution-based methods.  
Recently, a one-step green synthetic approach for the production of C-doped 
nanoparticles had been reported, with low cost titanium sulphate and glucose as 
１１ 
 
precursors. The C-doped TiO2 shows a fundamental optical absorption at 535 nm and 
has a lower band gap of 2.32 eV [1.66]. Also, a “facile preparation of micro-mesoporous 
carbon-doped TiO2” using a new low temperature procedure had been proposed, simply 
involving dispersion of TiC in nitric acid and ethanol. The fabricated C-doped TiO2 
absorbs light at wavelengths below 453 nm (band gap of 2.73 eV) [1.77]. Moreover, a 
novel approach was also reported by using an electron beam irradiation to dope carbon 
into the surface of TiO2. The C-doped TiO2 shows a significant red shift, which may be 
caused by narrowing of the band gap (2.78 eV) [1.76]. These new fabrication techniques 
could open up some new production routes and photocatalytic properties not previously 
attained using more traditional preparation methods. The effective mechanism of 
C-doped TiO2 also remains not fully understood. This difficulty mainly arises from the 
fact that C-doped TiO2 can be very different one from the others, due to the different 
fabrication routes. Although it is widely accepted that a red-shift occurs, there are 
currently many different interpretations, such as the role of the C atoms, and the way by 
which visible light is absorbed. In fact, the state of the C dopant in TiO2 lattice was in 
some cases found as a substitutional anion [1.66, 1.80] and in others of an interstitial 
cation [1.81, 1.82]. The former is associated with the 4− oxidation state in Ti-C bond in 
carbides, the latter is with the 4+ state in the C-O bond in carbonates [1.83]. Ti-C bond 
has generally been found in studies employing photocatalyst preparation by flame 
pyrolysis, annealing of TiC powders and ion-assisted electron beam evaporation [1.66]. 
While the C-O bond is commonly observed from TiO2 fabricated by sol-gel or high 
temperature synthesis with carbon precursors [1.81, 1.82]. 
1.2.3.2 Suppressing the recombination of the pairs between electron and hole  
To overcome the limitation of single-component photocatalysts, it is possible to 
construct the photocatalysis systems with suppressing the recombination of the 
electron-hole pairs by charge transfer. Recently, heterojunctions formed between two 
solid materials have attracted more and more attention, which could include the 
heterojunctions between semiconductor/semiconductor, semiconductor/metal, and 
semiconductor/carbon (carbon nanotubes, graphene, etc.). Up to present, the most 
commonly developed heterojunction is based on a semiconductor/semiconductor, 
usually between a semiconductor and TiO2 in close contact. The photo-generated charge 
transfer of electrons and holes at the interface of semiconductor/TiO2 has been 
intensively studied, because understanding the interfacial charge transfer is crucial to 
the development of numerous devices [1.84, 1.85]. A large amount of research work has 
been devoted to the study of charge transfer, separation, and recombination phenomena.  
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In order to describe the various band alignments in heterojunction photocatalysts, 
the three main types of heterojunctions have been proposed and shown in Fig. 1.4. The 
band alignments include 3 types. From Fig. 1.4, A corresponds to the 
semiconductor/component A, and B corresponds to the semiconductor/component B. 
For the heterojunction of type I, the CB of component B is higher than that of A, and the 
VB of B is lower than that of A. Hence, the holes and electrons will transfer and 
accumulate on component A in the heterojunction of type I. The heterojunction of type 
II relies on the charge transfer of photo-excited electrons from B to A due to the more 
negative CB position of B. Holes can travel in the opposite direction from the more 
positive VB of A to B, leading to efficient charge separation and enhanced 
photocatalytic activity. The third type is identical to Type II except for the much more 
pronounced difference in VB and CB positions, which gives a higher driving force for 
charge transfer. It well known that charge separation strategies have mainly focused on 
the use of interfaces of photocatalysts.  
Coupling between different semiconductors in photocatalytic systems was used to 
form the heterojunction structure to enhance the charge transfer. But the coupled 
semiconductors do not always increase the charge transfer, because the coupled 
semiconductor relies on the band structures of each component, which is also affected 
by many other factors, such as surface area, defect density, crystallinity and quantum 
size effects. Hereafter, the main visible light responsive heterojunction photocatalysts of 
semiconductor/TiO2 have been summarized as follow, and they have greatest potential 
to be used for large-scale applications.  
TiO2/WO3.    From an earlier report studying on the influence of adding WO3 to TiO2 
on the enhanced photocatalytic activity, the enhancement of the photocatalytic activity 
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was considered as the increased charge transfer between TiO2 and WO3 [1.86]. Another 
report found the enhanced photocatalytic degradation of toluene degradation by 
TiO2/WO3, with increasing the concentration of W. They ascribed the effect to the 
creation of W-related trapping centers on the catalyst surface and the interabang 
electronic states [1.87]. Also, the influence of the layered TiO2/WO3 structures has been 
reposted. The increased surface hydrophilicity of the TiO2 layer and the enhanced 
photocatalytic degradation of the methylene blue were also explained by a charge 
transfer between the TiO2 and WO3 [1.88]. However, the TiO2/WO3 coupling 
semiconductor does not always enhance the photocatalytic activity, due to the two main 
factors. One is the amount of loading of WO3, owing to the W sites can act as the 
recombination centers. Another is the difference in WO3 crystallinity. 
TiO2/SnO2.    As above mentioned, SnO2 has a little large band gap (3.8eV) and has 
been traditionally considered as a poor material for photocatalytic applications. 
However, SnO2 coupling with other semiconductors can greatly enhance its 
photocatalytic activities in organic pollutant degradation [1.89-1.91]. SnO2/TiO2 
heterojunctions with a very rapid degradation of acid orange 7 was reported from 
Vinodgopal and Kamat [1.89]. The enhancement of degradation rate was mainly 
considered as the improved charge transfer between the TiO2 and SnO2. The 
enhancement on photocatalytic degradation of naphthol blue black by SnO2/TiO2 
heterojunctions was found to significantly improve, compared with that of TiO2, due to 
the improved charge transfer between the TiO2 and SnO2 [1.90]. With increasing the 
amount of SnO2, the influence of oxygen on both the short circuit photocurrent and the 
open-circuit photo-voltage became less significant, which indicates the charge transfer 
of electrons from TiO2 into SnO2 to suppress the recombination with holes or being 
scavenged by oxygen molecules. Another coupling approach is to deposit one type of 
semiconductor on another, thus a clear interface layer will be formed. The relationship 
between the thickness of TiO2 and photocatalytic activity of SnO2/TiO2 heterojunctions 
had been investigated, and the activity declined with increasing the thickness of TiO2 
[1.91]. 
CdS/TiO2.    Due to the wide band gap of TiO2, the smaller band gap of CdS has been 
widely investigated for preparing the CdS/TiO2 heterojunctions. From Fig. 1.1, it could 
find that both the CB and VB of CdS are higher than that of TiO2, and the band gap of 
CdS is 2.5 eV, which enables CdS to absorb visible light to generate the electrons and 
holes. Then, the generated electrons will transfer from the CB of CdS to the CB of the 
contacted TiO2, leaving the holes in the VB of CdS. The enhanced charge transfer under 
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visible light irradiation has made the CdS/TiO2 heterojunctions widely used in 
photocatalytic reactions. As the small amount of CdS dispersed in a TiO2 matrix could 
absorb visible light, which makes the CdS/TiO2 heterojunctions sensitive to the visible 
light. The enhancement of the CdS sensitized TiO2 on the photocatalytic activity toward 
the degradation of methylene blue solution under visible light irradiation (λ > 400 nm) 
than with that of pure TiO2 or CdS, which could be considered to the charge transfer 
between CdS and TiO2, owing to the formation of Ti3+ observed in the electron 
paramagnetic resonance spectra [1.92, 1.93]. The CdS/TiO2 heterojunctions fabricated 
by coupling CdS nano-particles with TiO2 nano-sheets could enlarge the contact 
interfaces between the two semiconductors. The coupled semiconductors showed higher 
activity under visible light irradiation (λ > 420 nm) than did a physical mixture of CdS 
nano-particles and TiO2 nano-rods [1.94]. 
1.3 Fabrication techniques for photocatalyst coatings 
1.3.1 Traditional fabrication techniques for photocatalyst coatings 
    The investigation on film materials is becoming increasingly important in the area 
of materials science and engineering. In recent years, without the development of film 
materials, we could not make any great progress in highly integrated electronic circuits, 
gas turbine engines, sensors, actuators and so on. Thin surface film materials for their 
chemical inertness, stability at elevated temperatures and low thermal conductivity are 
used to increase engine efficiency and to extend significantly the useful lifetimes of the 
structural materials that they protect [1.95]. The preparation approaches for film or 
coating materials could be considered to several types, as shown in Table 1.1 [1.96]. 
From the Table 1.1, it could be found that the preparation approaches include physical 
vapor deposition (PVD), chemical vapor deposition (CVD), liquid absorption coating, 
thermal spraying and mechanical coating. The disadvantage and application had been 
summarized in this review.  
    PVD and CVD are the most common preparation techniques for film materials. In 
this section, we will briefly introduce the two preparation techniques for film materials. 
No matter PVD or CVD, the deposition process of film materials should involve the 
following three steps [1.97]. Firstly, the production of the appropriate atomic, molecular, 
or ionic species. Then, transport of these species to the substrate through a medium. 
Finally, condensation on the substrate, either directly or via a chemical and/or 
electrochemical reaction, to form a solid deposit. 
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Table 1.1 Coating techniques [1.96]. 
Coating 
technique Coating processes 
PVD 
 Vacuum 
evaporation  
Resistance heating, Flash evaporation, Vacuum 
arc, Laser heating, Electron beam heating 
Sputter 
deposition 
Ion beam sputtering, DC sputtering, High 
frequency sputtering, Magnetron sputtering  
Ion beam 
plating 
High frequency ion plating, Activated reactive 
evaporation, Arc ion plating 
Ion beam deposition 
CVD 
Thermal CVD Atmospheric pressure CVD, Low pressure CVD 
Plasma CVD DC plasma CVD, High frequency plasma CVD, Microwave plasma CVD, ERC plasma CVD 
Photo-excited CVD 
Liquid 
absorption 
coating 
Plating  Electroplating, Electroless plating 
Anodic oxide coating, Painting, Sol-gel method 
Spin coating, Dip coating, Roll coating, Spry coating 
Mechanical 
coating 
Shot coating, Powder impact plating, Aerosol deposition , Gas 
deposition 
    
 PVD processes could be descripted as the atomistic deposition processes, in which 
material is vaporized from a solid or liquid source in the form of atoms or molecules, 
transported in the form of a vapor through a vacuum or low pressure gaseous (or plasma) 
environment to the substrate where it condenses. It can be used to prepare films with 
thicknesses in the range from nanometer size to thousands of nanometers as well as 
multi-layer coatings, graded composition deposits, very thick deposits and freestanding 
structures. It can prepare films of not only elements and alloys but also compounds 
using reactive deposition processes [1.98].       
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    CVD processes could be descripted as the deposition of a solid on a heated surface 
from a chemical reaction in the vapor phase. CVD belongs to the class of vapor-transfer 
processes, which is the deposition species are atoms or molecules or a combination of 
these [1.100]. During CVD process, there is general accompanied by volatile reaction 
byproducts and unused precursor species. Two major application of CVD have rapidly 
developed in the semiconductor industry and the metallurgical-coating industry [1.99]. 
In addition, the chemical precursor can be the same than used in sol-gel methods (e.g. 
aluminum alkoxide) but no solvent is required. To enhance the deposition rate, the use 
of low pressures and high temperatures may be required. 
    The sol-gel process could be descripted as the wet-chemical technique widely 
employed recently in the areas of materials science and ceramic engineering. Sol-gel 
method has been widely used to fabricate the materials (usually for metal oxide) starting 
as a chemical solution, which could be acted as the precursor for an integrated network 
(or gel) of either discrete particles or network polymers. The formation of a metal oxide 
involves connecting the metal centers with either oxo or hydroxobridges, and generating 
metal-oxo (M-O-M) or metal-hydroxo (M-OH-M) polymers in solution. Hence, the sol 
evolves towards the formation of a gel-like diphasic system containing both liquid and 
solid phases, whose morphologies range from discrete particles to continuous polymer 
networks [1.100].  
    Mechanical coating, also named as mechanical plating, peen plating, mechanical 
deposition, or impact plating, is a plating process that imparts the coating by cold 
welding fine metal particles to a workpiece. Mechanical galvanization applying to 
prepare coatings with a thickness over than 25 μm is also a mechanical coating process. 
It is an effective means of applying one metal over another as a coated deposit without 
using electrical current. It is used to apply a number of metallic deposits including Zn, 
Cu, Sn, Al, Cd and other mixed alloys onto a wide range of substrates [1.101]. The 
process is operated at room temperature using the tumbling action of a barrel to produce 
mechanical energy. In the presence of glass bead impact media and proprietary 
promoter chemistry, this energy is used to uniformly "cold-weld" podered metallic 
particles onto the substrate. The two main advantage are to overcome the problem of 
hydrogen embrittlement, and evenly coat all surfaces and features, unlike electroplating 
which has issues plating recesses [1.101]. 
1.3.2 Mechanical coating technique (MCT) for photocatalyst coatings 
    Ten years ago, our group firstly proposed a new kind of coating technique, named 
as Mechanical coating technique (MCT) [1.102]. MCT process could be descripted as a 
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powder processing technique that allows production of homogeneous materials starting 
from the elemental powder mixtures. During MCT process, metal powder are used as 
the coating material and ceramic substrates (balls, buttons and columns) are used as the 
substrates, respectively.  
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Fig. 1.5 Planetary ball mill and ball motion during MCT. (a) Planetary ball mill, (b) 
Schematic depicting the ball motion inside the ball mill. 
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Fig. 1.6 Schematic diagram of fabrication of metal coatings by MCT. 
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    Firstly, the coating material and the substrates are put into an alumina bowl. The 
MCT operate is carried out by the planetary ball mill (Type: P6, Fritsch, Germany), 
shown in Fig. 1.5. The schematic diagram of its operation is shown in Fig. 1.5b. In the 
MCT process, the bowls rotate around their own axes and rotate the rotating support 
disk simultaneously. Since the bowls and the rotating support disk rotate in opposite 
directions, the centrifugal force alternately acts in like and opposite directions, shown 
by way of the ball motion inside the ball mill (Fig. 1.5). 
At the early stage of MCT process, Ti coatings from on the substrates such as Al2O3 
balls has been intensively studied, as shown in Fig. 1.6. In addition, other coating 
materials, such as Cu, Ni, Fe, Zn, and TiO2, have been successfully used to fabricate the 
coatings by MCT. The main influence parameters of coating material, electronegativity 
of metal, plastic deformability of metal, MCT condition had been detailed in our review 
[1.96]. After fabrication of metal coatings by MCT usually with Ti powder, then the 
formed Ti coatings oxidized to be TiO2 coatings and TiO2/Ti composite coatings were 
obtained [1.96]. The TiO2/Ti composite coatings showed relatively high photocatalytic 
activity. The next few years, our group also developed MCT then proposed 2-step 
MCT. The schematic diagram of 2-step MCT can be seen in Fig. 1.7. During the first 
step, we prepared metal coatings not just Ti coatings; in the second step, we coated the 
fabricated metal coatings with TiO2 powder and finally TiO2/metal composite coatings 
were obtained. In addition, in order to confirm the possible reaction between metal 
powder and air during MCT, the influence of the introduction of intermittent air into the 
Al2O3 pot with 2 min after every four hours milling operation had been investigated. 
The results hint that the reaction between metal powder and air is difficult to be 
occurred during MCT.  
 
1.3.3 Traditional heat treatment (HT) techniques for photocatalysts 
The subject of heat treatment (HT) of metals is capable of extensive investigation 
and theoretical research. It is normally found to be a very satisfying subject to study. 
The theory of HT covers a wide range of metallurgical, chemical, and physical 
principles and can be approached by people of a wide range of disciplines who, 
therefore, complement each other’s efforts. For fabrication of photocatalyst, HT has 
been used as one of the essential conditions. In this part, we will introduce HT for 
photocatalyst with 3 kinds of HT in gas atmosphere, HT in solid atmosphere, HT in 
liquid atmosphere. 
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Fig. 1.7 Schematic diagram of two-step MCT. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.8 Schematic diagram of the cross-section of an oxide layer formed on the surface 
of a metal. 
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Fig. 1.9 The Ti-rich portion of the Ti-O phase diagram [1.102]. 
 
1.3.3.1 Introduction of HT in gas atmosphere 
The research of HT takes many forms, which are usually in the oxidation kinetics, 
in the nature of the oxidation process, and so on. Fig. 1.8 is a simple schematic of the 
cross-section of an oxide formed on the surface of a metal. Mechanistic studies 
generally require careful examination of the reaction products formed with regard to 
their composition and morphology and often require examination of the metal or alloy 
substrate as well. The rate of formation of an oxide in a metal during HT in oxygen 
atmosphere, according to the reaction (1.6), 
2M + O2 ⇋ 2MO                             (1.6) 
can be investigated by several methods. The extent of the reaction may be measured by 
the following three indicators: the amount of the consumed metal, the amount of the 
consumed oxygen consumed, and the amount of the formed oxide. 
    For fabrication of photocatalyst usually TiO2, it could be formed by HT for Ti. The 
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HT process is quite complex because the Ti-O system exhibits a number of stable 
oxides and high oxygen solubility as seen from the phase diagram in Fig. 1.9. The rate 
laws observed for the oxidation of Ti vary with temperature as discussed by Kofstad 
[1.103]. However, in the temperature range of 600 to 1000 ℃, the oxidation is parabolic 
but the rate is a combination of two processes, oxide scale growth and oxide dissolution 
into the metal.  
It is well known that TiO2 occurs naturally in several phases, with the most 
common being the thermodynamically stable rutile and metastable anatase. Under HT 
conditions, TiO2 is formed in the oxidized products in the form of crystalline spherical 
particles consisting of either rutile or anatase. The photocatalyst TiO2 fabricated by HT 
in air with various conditions has been fully studied [1.104-1.106]. Moreover, the HT in 
other gas atmosphere such as CO2 and H2, also has been used to fabricate photocatalyst. 
After the successful fabrication of TiO2 powder with black appearance, many 
researchers have studied on the hydrogen treatment for TiO2 related materials as an 
effective method to form surface oxygen defects and enhance the photocatalytic activity, 
especially under visible light irradiation [1.107-1.110]. In addition, Fu et. al. reported 
that the photocatalyst films fabricated by HT in CO2 to control the amount of carbon, 
oxygen and Ti in the photocatalyst films [1.111].  
1.3.3.2 Introduction of HT in solid atmosphere  
The HT in solid atmosphere for fabrication the photocatalyst is usually HT with 
active carbon or HT with aluminum. However, when it comes to this HT embedded in 
carbon powder, it initially often has been used to protect from the oxygen during HT for 
metal or alloy. With the study on photocatalyst under visible light irradiation, HT in 
carbon powder and HT with active carbon have been widely used to introduce the 
oxygen deficiency in photocatalyst, in order to enhance the photocatalytic activity. 
Because HT with C could play the role of reducing the photocatalyst or doping into the 
crystal of photocatalyst. 
The fabrication for the visible light sensitive photocatalyst TiO2-x with active 
carbon has been widely studied [1.112-1.114]. The influence of the amount of active 
carbon on the crystal and its phase transformation has been investigated. The model of 
reactions with active carbon has been proposed, as shown in Fig. 1.10. It clearly shows 
the phase transformation and the form and change of oxygen vacancy under different 
HT conditions. It concludes that the uniform distribution of the oxygen vacancy can 
enhance the efficiency of visible light adsorption. For the formation of TiO2-x with the 
uniform distribution of oxygen vacancy, the high temperature annealing is necessary,  
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Fig. 1.10 Schematic illustrations of (a) different types of nucleation in phase 
transformation from anatase to rutile, and (b) formation mechanism of TiO2-x with 
oxygen vacancy in carbon reducing process [1.112]. 
because activation energy of the diffusion of oxygen vacancy is large [1.112]. 
Recently, the reduction of photocatalyst with aluminum has been investigated and 
effectively enhanced the photocatalytic activity [1.115]. The mechanism of aluminum 
reduction of TiO2 is attributed to sustaining low oxygen partial pressure from melting 
aluminum and releasing the O from TiO2. The aluminum-reduced TiO2−x shows black 
and is with a unique core-shell structure of TiO2/TiO2−x, inducing significant 
enhancement of visible absorption. The oxygen-deficient shells are well-controlled by 
reduction conditions and responsible for increased wide-spectrum light absorption of 
photocatalysis. The method of reduction with aluminum opens potential for the 
cost-effective and large scale production of black TiO2.  
In addition, our group had developed by HT in carbon powder for TiO2. And the 
enhancement of HT in carbon powder for TiO2 is remarkable. The band gap has been 
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efficiently narrowed and the photocatalytic activity under visible light irradiation has 
been enhanced [1.116]. 
1.3.3.3 Introduction of HT in liquid atmosphere 
HT in liquid atmosphere with a robust thermal treatment process, has been widely 
used. Among HT in liquid atmosphere, molten salt treatment usually could be used to 
efficiently destroy the organic constituents of mixed and hazardous wastes, and 
energetic materials. The traditional fabrications of photocatalyst with alkali metal 
hexatitanates are calcination method, hydrothermal synthesis, sol-gel technique, molten 
salt treatment, and so on [1.117-1.120]. Molten salt treatment has been proved to be one 
of the simplest and cost-effective approaches for obtaining crystalline, chemically 
purified, and single-phase. However, a heating temperature above 900 ℃ is usually 
needed to obtain highly crystalline one-dimensional alkalimetal hexatitanates (such as 
K2Ti6O13 and Na2Ti6O13) crystals from molten chloride salts. Recently, a new synthesis 
of K2Ti6O13 nano-belts by a facile one-step method from NaCl-KCl melts at a relatively 
low temperature below 700℃ reported by Li et al [1.120]. They reported that 
substitutional Na-modification K2Ti6O13 nano-belts show red-shift the absorption edge 
and efficiently suppress the recombination of photogenerated electron-hole pairs, then 
effectively promoted the photocatalytic activity for photodegradation of methyl orange 
under UV irradiation. Our group had proposed a simple and direct approach of molten 
salt treatment for Ti coatings [1.121]. These results show that the molten salt treatment 
for Ti coatings is a simple and effective approach to fabricate the coatings with 
nano-structured potassium titanate, which shows high adsorptivity. 
1.4 Applications of photocatalysts 
Conventional TiO2 has been extensively studied for water treatment and air 
purification and it is well known to be an effective system to treat several hazardous 
compounds in contaminated water and air. Recent research dealing with development of 
TiO2 used for environmental applications has become very popular. We will introduce 
the application of TiO2 photocatalysis, focusing on water splitting, and decomposition 
of pollutants, anti-fogging function and wettability patterning. 
1.4.1 Water splitting 
Energy is considered a prime agent in the generation of wealth and a significant 
factor in economic sustainable development. With the ever increasing global reliance on 
non-renewable, geopolitically sensitive sources of energy, hydrogen energy has been 
considered as the greenest and promising energy for the future. The produce hydrogen is 
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a very hot in the photocatalyst research. Because hydrogen energy has been considered 
as the most green and promising energy, due to its combustion only produces water as 
byproduct. Thermodynamically, when the CB edge of a photocatalyst is more negative 
potential than that of H2O/H2 potential, this material may be able to generate H2 from 
H2O with a suitable irradiation; when its VB edge has a more positive potential than that 
of H2O/O2 potential, it can produce O2 from water splitting. Hence, the theoretically 
required the band gap of photocatalyst for the water splitting is at least 1.23 eV.  
After the report of water splitting by TiO2 under solar irradiation [1.26], scientific 
and engineering interests in semiconductor photocatalysis have grown significantly on 
water splitting with photocatalyst. An overview on hydrogen production by 
semiconductor particulate systems with various photocatalysts, such as CdS, TiO2 and 
SiC. Compared with other photocatalysts, TiO2 is much more promising as it is stable, 
non-corrosive, environmentally friendly, and cost effective [1.122]. However, the 
energy conversion efficiency from solar to hydrogen by TiO2 photocatalytic 
water-splitting is still low, due to the following reasons: recombination of 
photo-generated electron/hole pairs; fast backward reaction (Decomposition of water 
into hydrogen and oxygen is an energy increasing process, thus backward reaction of 
recombination of hydrogen and oxygen into water easily proceeds); low utilization of 
visible light. In order to resolve the above problems, continuous efforts have been made 
to enhance the photocatalytic activity under visible light irradiation. Many approaches, 
such as metal ion doping, anion doping, addition of electron donors, noble metal 
loading, composite semiconductors, had been investigated and some of them have been 
proved to be useful to enhance hydrogen production [1.123-1.127].  
1.4.2 Decomposition of environment pollutants 
    Recently, environment pollution, including water, air and soil is becoming a 
serious problem. TiO2 had been used to the pollution clean-up by many studies. 
However, the purification of the 3-dimensional materials by photocatalysis is much 
more difficult than that of the 2-dimensional surface materials. Because the 
photocatalytic reactions are surface reactions and the reactants must be captured by the 
photocatalyst surface. Moreover, the total amount of reactant is higher in 3-dimensional 
materials than that with 2-dimensional, indicating that much more light energy is 
necessary for the purification of the 3-dimensional materials. 
TiO2 has been considered as an efficient material for photodegradation of relevant 
air pollutants, because it can decompose many kinds of air pollutants, such as 
hydrocarbons, aldehyde, halogenated compounds, nitrogen-containing compounds, 
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sulfur-containing compounds, and inorganic compounds. Nowadays, more than 2000 
companies are active in the photocatalysis market. These produce were fabricated by 
adding TiO2 into traditional materials. Many kinds of these produce were commercially 
available in recent years, including, TiO2-glass, TiO2-tiles, TiO2-paints, TiO2-wall paper, 
and so on. For instance, TiO2-containing photocatalytic paint has added in a closed 
artificial parking area for degradation of NO and NO2, and achieved the removal of 19 
and 20%, respectively [1.128]. 
    For the degradation of organic pollutants in water, a number of test systems have 
been proposed to assess the relative photocatalytic efficiency. A comparison of the 
photocatalytic activity with obtaining for the standard test system would contribute 
some direction of the efficiency of the former process and allow some degree of 
comparison of results between groups [1.129]. TiO2 photocatalysts have also been used 
for the photocatalytic degradation of cyanotoxins, in particular, the hepatotoxin 
microcystin-LR. N-TiO2 calcined at 350 °C showed the highest microcystin-LR 
degradation efficiency and an increase in calcination temperature resulted in a decrease 
of the photocatalytic activity of N-TiO2 towards the removal of microcystin-LR. N-F 
co-doped TiO2 nanoparticles synthesized from a modified sol-gel method were also 
applied for the degradation of microcystin-LR. Synergistic effects were observed with 
co-doped material, specifically in the photocatalytic improvement of microcystin-LR 
degradation at wavelengths > 420 nm, compared to nitrogen and fluorine only doped 
TiO2 and undoped TiO2. A pH dependence was observed in the initial degradation rates 
of microcystin-LR where acidic conditions (pH 3.0) were favorable compare to higher 
pH values [1.130]. 
1.4.3 Hydrophilicity function 
TiO2 are the most common used as self-cleaning material, which are based on the 
photoinduced hydrophilicity. The term of ‘‘self-cleaning” is more exactly referring to 
the outdoors self-cleaning material, because the stains can be washed off by rainfall 
without manual operation [1.131]. Moreover, organic pollution on the surface could be 
degraded by the photocatalytic reaction of TiO2, and the water film is thin enough to 
form a dry surface quickly. TiO2-based self-cleaning material is the most widely used 
self-cleaning products. Self-cleaning material with TiO2, such as glass, metal and PVC, 
are widely used in exterior walls, siding boards, curtain walls, bathrooms, and so on. 
Moreover, TiO2-coated glass can maintain the light transmittance properties of common 
glass, although the high refractive index of TiO2 enhances the surface reflection. 
Self-cleaning exterior materials have the huge market share of self-cleaning material. 
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Self-cleaning materials have been coated on the buildings in Japan, and Maru building 
located in Tokyo is the most famous one. Another photoinduced hydrophilicity function 
is the anti-fogging function. Fogging function on the surfaces of mirrors and glasses 
occurs when steam cools down on these surfaces to form many water droplets. It well 
known that no water drops could be formed on a highly hydrophilic surface. Once the 
surface turns into the highly hydrophilic state, it could maintain for several days. 
Various glass products and mirrors with such anti-fogging functions has been used in 
our daily life. 
1.4.4 Wettability patterning  
    TiO2 surfaces exhibit a good oxidizing ability for the decomposition of organic 
pollution, super hydrophilicity, and these properties can be widely used for generating 
wettability patterns. Photocatalyst TiO2 with rough surfaces could play the role of 
hydrophobic, when coated with hydrophobic compounds. These surfaces could change 
to be with super-hydrophilic ability, by the decomposition of the hydrophobic 
compounds, because of their photocatalytic decomposition and superhydrophilicity. The 
superhydrophobic-superhydrophilic pattern could be fabircated by selective light 
irradiation [1.132-1.134]. By increasing to the surface roughness, it could be used to 
shorten the required time for the photocatalytic decomposition of hydrophobic 
compounds [1.132]. Moreover, the superhydrophilic–hydrophobic pattern on a 
TiO2-coated aluminum substrate can be prepared and used for offset printing. which 
could be eliminated by photocatalytic decomposition using TiO2 under UV irradiation 
and a superhydrophilic area based on TiO2. [1.135] 
1.5 Aim of the study 
Based on the above backgrounds, photocatalyst TiO2 with high activity, especially 
under visible light irradiation, has attracted increasing attention as a cost-effective 
approach to solve the energy-related and environmental problems. However, the 
photocatalytic activity of TiO2 under visible light irradiation is still low, especially the 
photocatalyst coatings. Moreover, considering the current fabrication of photocatalyst 
coatings, the fabrication of photocatalyst coatings is also need to improve. Also, the 
detailed process of photocatalyst during heat treatment (HT) is still unclear till now. 
Therefore, it was been tried to set about going in this work. The aims of the work are 
listed as follows. 
(1) Enhancement of photocatalytic activity of photocatalyst coatings by HT processes 
and relevant mechanisms during the HT process. Although photocatalyst coatings have 
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been fabricated by HT in air for Ti coatings on Al2O3 balls, the photocatalytic activity of 
the photocatalyst coatings is still low, especially under visible light irradiation. 
Furthermore, the formation possibility by other HT processes is also need to develop. 
Meanwhile, the relevant formation mechanisms of photocatalyst coatings will be 
discussed. 
(2) Analysis on the influence of HT process and its conditions on photocatalyst coatings. 
A variety of HT process, including HT in air, HT in carbon powder, HT in carbon 
powder with different HT process or relative lower oxygen particle pressure, HT in 
Al2O3 powder, molten salt treatment, and the influence of HT temperatures and times of 
each HT process will be investigated. 
(3) Development of metal coatings using Ti and other powders by MCT. Based a variety 
of experimental data, we will try to enhance the photocatalytic activity by MCT and HT 
process with heterojunctions photocatalyst, and the relevant mechanisms for its 
enhancement of photocatalytic activity, especially under visible light irradiation. 
(4) Fabrication of composite photocatalyst coatings using TiC coatings. We firstly try to 
fabricate the coatings by MCT using TiC powder. Then, the prepared TiC coatings 
conduct by HT in carbon powder to fabricate the composite photocatalyst coatings. The 
characterization of composite photocatalyst coatings and evaluation of their 
photocatalytic activity will be also carried out and discussed. 
(5) Furthermore, in order to enhance the photocatalytic activity with suitable amount of 
TiC in the photocatalyst coatings, the mixed powders of TiC and Ti will be used to 
fabricate the coatings by MCT and HT in carbon powder. The influence of the added 
amount of TiC by MCT on the photocatalyst coatings will be studied. 
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Chapter 2. Study of photocatalyst coatings by heat treatment (HT) 
processes for Ti coatings 
 
2.1 Background and aims 
    TiO2 has been attracted more and more attention for its environmentally friendly 
applications in many fields, such as photocatalyst, gas sensors, and the self-cleaning 
surfaces, because of its favorable band gap edge positions, good chemical stability, and 
low cost [2.1-2.3]. However, the application of TiO2 has been limited due to its wide 
band gap, and fast recombination of electron and hole [2.4-2.6]. A number of researches 
have been dedicated to enhancing the light absorption for TiO2 photocatalysts under 
visible light irradiation, mainly by narrowing the band gap via elemental doping, 
introducing oxygen vacancy, and sensitizing with precious metals or semiconductors to 
form the heterojunction photocatalysts [2.7-2.13]. Recently, hydrogen treatment 
technique has successively proven to be an effective method to enhance the 
photocatalytic activity of TiO2 [2.14-2.18]. However, hydrogen treatment requires a 
high-pressure hydrogen atmosphere with complicate equipment, inevitably resulting in 
a high cost. Therefore, a safe and inexpensive method has been expected to enhance the 
photocatalytic activity of TiO2 [2.19, 2.20]. 
For fabrication of photocatalyst, heat treatment has been used as one of the 
essential conditions. The HT for photocatalyst could be considered with three kinds of 
HT in gas atmosphere, HT in solid atmosphere, HT in liquid atmosphere. It is well 
known that the photocatalyst TiO2 it usually fabricated by HT in air for Ti, and enhance 
the photocatalytic activity of photocatalyst by HT in hydrogen atmosphere. 
In this chapter, it will focus on the influence of HT processes on the formed 
compounds, surface morphologies, absorption spectra, photocatalytic activity of 
photocatalyst coatings by HT in air, HT in carbon powder, and multi-HT with HT in air 
and HT in carbon powder. 
2.2 Experimental 
2.2.1 Source materials and experimental equipments 
    Ti powder were used as the coating materials and Al2O3 balls were used as the 
substrates, respectively. The planetary ball mill (Type: P6, Fritsch, Idar-Oberstein, 
Germany) was used to perform mechanical coating operation. The prepared Ti coatings 
were then fabricated by HT with various conditions using an electric furnace (HPM-1G, 
As one, Japan). The relevant parameters of the source materials are listed in Table 2.1. 
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Table 2.1 Source materials of powders and Al2O3 balls. 
Raw materials Diameter (μm) Purity (%) Manufacturers 
Ti powder about 35  99.10 Osaka Titanium Technology 
Carbon powder about 150  - Kishu charcoal  
Al2O3 powder about 3 99.99 SI Science Co. Ltd 
Al2O3 ball about 1000 98.50 Nikkato Corporation 
2.2.2 Fabrication of Ti coatings by MCT 
The schematic diagram of MCT process is shown in Fig. 2.1. The Ti powder and 
Al2O3 balls were put into the alumina bowl with a volume of 250 mL (dimensions of Φ 
75 mm × 70 mm). The milling operation was carried out for 10 h from the start of the 
milling operation. To ensure the safety during the process, a 10-minute milling 
operation was followed by a 2-minute cooling interval in order to avoid an excessive 
heating of the bowl although a temperature rise may promote the welding between 
metal powder particles [2.21]. To decrease oxidation of Ti powders during MCT, the pot 
was not opened before the desired sample was completed [2.22]. It means the pot was 
closed all the time during the MCT process. The MCT rotation speed was fixed at 480 
rpm (revolutions per minute). Ti coatings were fabricated after 10 h, and named as "Ti 
coatings". The detailed MCT process could be found in our previous work [2.23-2.25]. 
    
Al2O3 ball
Al2O3 balls Al2O3 pot
Ti powder
Planetary milling machine Ti coatings
 
Fig. 2.1 Schematic diagram of MCT. 
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Fig. 2.2 Schematic diagram of the set of Ti coatings by HT in air using an electric 
furnace. 
 
2.2.3 Fabrication of photocatalyst coatings by HT in air 
Fig. 2.2 shows the schematic diagram of the set of Ti coatings by HT in air using 
an electric furnace, at a series of relatively low temperatures of 873, 937, and 1073 K 
for 3 h, 10 h, and 15 h. Then, the samples cooled to room temperature in the furnace, 
and were named as "Air-xKyh". The samples were treated by ultrasonic cleaning 
(frequency: 40 kHz) in acetone for 15 min to remove any substances that did not 
strongly adhere to the surfaces. 
2.2.4 Fabrication of photocatalyst coatings by HT in carbon powder 
The Ti coatings were conducted by HT in carbon powder (average diameter of 
carbon powder: 150 μm) at 937, 1073, 1173, and 1273 K for 2, 15, 30, and 50 h, using 
an electric furnace, and named as "C-xKyh". Fig. 2.3 shows the schematic diagram of 
the set of Ti coatings embedded in carbon powder. Then, the set was heat treated using 
an electric furnace. After the set cooled to room temperature in the electric furnace, 
there was no change of carbon powder. 
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Fig. 2.3 Schematic diagram of the set of Ti coatings embedded in carbon powder. 
 
Ti coatings
HT in air
at x K for y h
Air-xKyh Air-xKyh/Air-xKyh
Air-xKyh/Air-xKyh/C-xKyh
Air-xKyh
HT in air
at x K for y h
HT in air
at x K for y h
HT in C
at x K for y h
Air-xKyh/C-xKyh
HT in C
at x K for y h
C-xKyh/Air-xKyh
C-xKyh/Air-xKyh/C-xKyh
C-xKyh
HT in C
at x K for y h
HT in air
at x K for y h
HT in C
at x K for y h
1 2 3
 
Fig. 2.4 Schematic diagram and mark style of the multi-HT. “HT in C” is short of “HT 
in carbon powder”. 
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2.2.5 Fabrication of photocatalyst coatings by multi-HT 
    Based on the HT in air and HT in carbon powder, we studied the influence of 
multi-HT for Ti coatings on photocatalytic activity and surface morphology. Fig. 2.4 
shows the schematic diagram and mark style of the multi-HT, including three kinds of 
HT process. The 1-multi-HT is integrated HT in air and then HT in carbon powder. 
Based on the 1-multi-HT, the other two kinds of multi-HT is intended to study on the 
pre-HT in air and pre-HT in carbon powder. The mark style of the samples are also 
shown in Fig. 2.4. 
2.2.6 Fabrication of photocatalyst coatings by various HT processes 
In order to study on the formation process during HT in carbon powder, various 
HT conditions at 1073 K for 15 h had been carried out, according to Table 2.2. For the 
Air-1073K15h and C-1073K15h samples, they are same to that of HT in air and carbon 
powder, respectively. For the C*-1073K15h sample, it was intended to verify the 
influence of the possible residual air in carbon powder. For the CV-1073K15h sample, it 
was intended to verify the influence of the oxygen partial pressure around the set, using 
a vacuum machine (Ultimate pressure: 0.1 Pa). For the Al2O3-1073K15h sample, the 
inner carbon powder had been changed to Al2O3 powder (average diameter of 3 μm) 
(Fig. 2.5), which was used to confirm the influence of the carbon powder, contacted 
with Ti coatings. 
Table 2.2 HT process for the samples with various conditions. 
Item HT process Sample mark 
1 HT in air: 1073 K for 15 h C-1073K15h 
2 HT in carbon powder: 1073 K for 15 h C-1073K15h 
3 HT in carbon powder: 573 K for 10 h + 1073 K for 15 h C*-1073K15h 
4 HT in carbon powder with a relative lower oxygen  
partial pressure (0.1 Pa): 1073 K for 15 h CV-1073K15h 
5 HT in Al2O3 powder: 1073 K for 15 h Al2O3-1073K15h
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Fig. 2.5 Schematic diagram of Ti coatings embedded in Al2O3 powder and carbon 
powder. 
 
2.2.7 Characterization 
The formed compounds of the prepared samples was analyzed using an X-ray 
diffraction (XRD, D8 Advance, Germany) equipped with Cu-Kα radiation at 40 kV and 
40 mA, at a scanning rate of 0.02° s-1. The surface morphology were examined by 
scanning electron microscopy (SEM, JSM-5300). The O 1s and Ti 2p were analyzed by 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo, US). The 
ultraviolet-visible absorption spectra of the prepared samples was measured by an 
ultraviolet-visible spectrophotometer (UV-vis, Model MSV-370, Jasco, Japan) with a 
wavelength range of 370-700 nm. Photoluminescence emission and excitation were 
obtained with a fluorometer (PL, F-4600) with an excitation wavelength 465 nm.  
Photocatalytic activity was evaluated by measuring the degradation rate of 
methylene blue (MB) solution (C0: 10 μmol/L, 35 mL) under UV and visible light 
irradiation at room temperature. The photocatalytic reactor system schematically is 
shown in Fig. 2.6. The evaluation process of photocatalytic activity of the samples can 
be divided into three steps (Fig. 2.7). 
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Fig. 2.6 Schematic diagram of the photodecomposition reactor system according to ISO 
10678-2010. (a) Under UV irradiation, (b) Under visible light irradiation. 
Step 1:
Dry under 
UV light for 
24 h
Step 2:
Adsorption of MB 
solution (20 μmol/L, 35 
mL) in dark for 18 h
Step 3:
Evaluation of photocatalytic 
activity with MB solution (10 
μmol/L, 35 mL) under visible 
light for 3 h
 
Fig. 2.7 The evaluation process of photocatalytic activity of the samples with three 
steps. 
 
Firstly, the prepared samples were dried under UV light (FL20S BLB, Toshiba) for 
24 h, and adsorption of MB solution (20 μmol/L, 35 mL) was carried out in the dark for 
18 h. Two 20 W fluorescent lamps (NEC FL20SSW/18) were used as the irradiation 
source (irradiance of 5000 lx), and a UV cut-off filter (L42, Hoya) was used to ensure 
that only visible light (λ > 420 nm) could reach the samples. The degradation rate 
constant (k, nmol L-1 min-1) of MB solution concentration versus irradiation time was 
calculated by the least squares method with the data. In order to clearly show the 
photocatalytic activity of samples, here use R value to describe the difference of the 
degradation rate constants k. R is calculated by the following equation: 
R=ksample-kMB                                          (2.1) 
where kMB is to describe the degradation rate constants of MB solution without samples. 
To establish the stability of the photocatalytic activity, cycling tests were carried out. 
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Once a testing cycle was completed, the next cycle began after fresh MB solution 
adsorbed to ensure an initial concentration of ~10 μmol/L. 
2.3 Results and discussion 
2.3.1 Photocatalyst coatings fabricated by HT in air 
2.3.1.1 Influence of HT temperature in air on photocatalyst coatings 
Appearance.    Fig. 2.8 shows the appearance of the Air-xK15h samples fabricated by 
HT in air for Ti coatings. From Fig. 2.8, Ti coatings show metallic color. After HT in air 
at different HT temperatures for 15 h, the Air-xK15h samples appear various colors. 
With increasing the HT temperature from 873 to 1073 K, the color shows grey at 873 K, 
dark-blue at 973 K and light-white at 1073 K. 
Formed compounds.    Fig. 2.9 shows XRD patterns of the Air-xK15h samples 
fabricated by HT in air for Ti coatings. The influence of HT temperature on the formed 
compounds of the Air-xK15h samples is obvious. From Ti coatings, the diffraction 
peaks at 35.1°, 38.3°, 40.1°, 52.9°, and 62.9° could be well indexed to the (100), (002), 
(101), (102), and (110) crystal planes of Ti. After HT in air at 1073 K for 15 h, the 
Air-1073K15h sample clearly shows that the diffraction peaks at 27.4°, 36.1°, 41.2°, 
and 54.3°, which could be well indexed to the (110), (101), (111), and (211) crystal 
planes of rutile TiO2 (JCPDS # 21-1272). With decreasing the temperature to 973 K, the 
crystal of the Air-973K15h sample shows relative slight peaks of rutile TiO2, anatase 
TiO2 (JCPDS # 89-4921), and the Ti peaks. While the Air-873K15h sample shows the 
main peaks are from Ti and slight mixed-phase of rutile TiO2 and anatase TiO2. 
1 mm
Air-873K15h Air-973K15hTi coatings Air-1073K15h  
Fig. 2.8 Appearance of the Air-xK15h samples. 
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Fig.2.9 XRD patterns of the Air-xK15h samples. 
 
The influence of HT temperature on the phase transformation from anatase to rutile 
is clearly shows in Fig. 2.9, and the mass fraction of rutile phase (XR) was calculated by 
the intensities of the respective peak using the following equation [2.26]: 
XR(%) = {1-(1+1.26IR/IA)-1}×100                         (2.2)  
where IR and IA are the X-ray intensities of the rutile (110) and anatase (004) peaks, 
respectively. The XR increases with increasing the HT temperature, as shown in Table 
2.3. It is well known that the phase transformation between anatase and rutile is a kind of 
metastable-to-stable transformation. Also, the temperature range of phase transformation 
is wide, because of the preparation technique, the shape/size of materials [2.27-2.29]. 
According to the Gibbs` free energy for the two phases, the energy difference ΔG 
between the phase of anatase and rutile at 873 K, 973 K, and 1073 K are about 3353 J・
mol-1, 2761 J・mol-1, and 2137 J・mol-1, respectively, calculated by the equations [2.30]. 
The XR obviously changes from anatase to rutile, which could be related with the 
increase of the Gibbs` free energy from 873 K to 1073 K for 15 h.  
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Table 2.3 XR of the Air-xKyh samples. 
HT Temp. 873 K 973 K 1073 K 
Air-xK15h Air-873K15h Air-973K15h Air-1073K15h 
XR 0.41 0.76 0.98 
 
1 μm
(c) Air-973K15h
(b) Air-873K15h(a) Ti coatings 
(d) Air-1073K15h
 
Fig. 2.10 SEM images of surfaces of the Air-xK15h samples fabricated by HT in air.  
(a) Ti coatings, (b) Air-873K15h, (c) Air-973K15h, (d) Air-1073K15h. 
 
 
Morphology evolution.    Fig. 2.10 shows the surface morphology evolution of 
Air-xK15h samples, with increasing the HT temperature. Compared with Ti coatings, the 
formed compounds could be found from the Air-873K15h sample. With increasing the 
temperature, the formed compounds increase in number and grow to the needle-like 
structure at 973 K and columnar structure at 1073 K. Comprehensive consideration of the 
changes of the phase transformation and the surface microstructure, it could drew the 
conclusion that the phase transformation from anatase to rutile has been influenced by 
the crystal size [2.31, 2.32].  
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Fig. 2.11 SEM images of cross sections of the Air-xK15h samples fabricated by HT in 
air. (a) Ti coatings, (b) Air-873K15h, (c) Air-973K15h, (d) Air-1073K15h. 
 
Fig. 2.11 shows the cross sections of Air-xK15h samples. The oxidized layer 
cannot be detected from the Air-873K15h sample. At the temperature of 973 K, thin 
oxidized layer is about 2 μm and could be found from the Air-973K15h sample. At 
1073 K, the growth of layer is more obvious, and the thickness of the oxidized layer is 
about 18 μm. The change hints that the HT temperature could significantly accelerate 
the growth of the oxidized layer. 
Photocatalytic activity.    The photocatalytic activity of the Air-xK15h samples has 
been investigated by degradation of MB solution under UV irradiation, as shown in Fig. 
2.12. The concentration of the dashed line (marked with MB solution) hardly decreased, 
which hints the MB solution did not degrade. The concentration of the Ti coatings 
slightly increases, because there are some content of desorption after the adsorption in 
dark for 18 h with higher concentration of MB solution during Step 2. For all 
Air-xK15h samples, the concentration of MB solution decreased at different rates under 
UV irradiation. It means all Air-xK15h samples show photocatalytic activity. The trend 
of photocatalytic activity increases, with increasing the HT temperature. The enhanced 
photocatalytic activity is widely considered to the efficiency of charge transfer 
[2.33-2.35]. When TiO2 contacts with a metal with a higher work function, the 
photogenerated electrons in the CB of TiO2 may transfer to the metal, which could 
suppress the recombination between the pairs of electron and hole in TiO2, thereby 
enhancing the photocatalytic activity. 
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Fig. 2.12 Comparison of the photocatalytic activity of the Air-xK15h samples.  
(a) Degradation of MB solution, (b) Degradation constant rate. 
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Fig. 2.13 Appearance of the Air-xKyh samples fabricated by HT in air. 
 
５０ 
 
30      40        50     60
2θ (deg)
Int
ens
ity
   (
a. u
. )
Air-873K10h
Air-873K15h
Ti coatings
TiO2 rutile TiTiO2 anatase
30   40    50     60
2θ (deg)
Int
ens
ity
   (
a. u
. )
Air-973K10h
Air-973K15h
Ti coatings
Air-973K3h
30   40    50      60
2θ (deg)
Int
ens
ity
   (
a. u
. )
Air-1073K10h
Air-1073K15h
Ti coatings
Air-1073K3h
(a) (b) (c) 
 
Fig.2.14 XRD patterns of the Air-xK15h samples fabricated by HT in air. 
 
2.3.1.2 Influence of HT time in air on photocatalyst coatings 
Appearance.    After HT in air with various conditions, the Air-xK15h samples appear 
various colors, as shown in Fig. 2.13. With extending the HT time at 873 K, the color of 
the Air-873Kyh samples shows grey, almost without any change. While extending the 
HT time at 973 K, the color of the Air-973Kyh samples changes from brown 
(Air-973K3h) to dark-blue (Air-973K10h) and then light-blue (Air-973K15h). While 
extending the HT time at 1073 K, the color of the Air-1073Kyh samples changes from 
grey (Air-1073K3h) to dark-white (Air-1073K10h) and light-white (Air-1073K15h). 
Formed compounds.    Fig. 2.14 shows XRD patterns of the Air-xKyh samples 
fabricated by HT in air for Ti coatings. After HT in air at 873 K, Fig. 2.14a shows the 
influence of HT time on the formed compounds of the Air-873Kyh samples is slight. In 
addition, the XR of the Air-873Kyh samples is also same, as shown in Table. 2.4. While 
after HT in air at 973 K, the relative intensity of rutile increased with extending the HT 
time from 3 h to 15 h. Moreover, the XR of the Air-973Kyh samples also increased from 
0.5 to 0.76. With extending the HT time from 3 h to 15 h at 1073 K, the peaks of anatase 
transferred to that of rutile, and Ti peaks disappeared.  
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Table 2.4 XR of the Air-xKyh samples fabricated by HT in air. 
Air-xKyh XR 
Air-873K10h 0.40 
Air-873K15h 0.41 
Air-973K3h 0.50 
Air-973K10h 0.60 
Air-973K15h 0.76 
Air-1073K3h 0.91 
Air-1073K10h 0.95 
Air-1073K15h 0.98 
 
Morphology evolution.    Fig. 2.15 shows the surface morphology of Air-xKyh 
samples, compared with extending the HT times at each temperature. Compared with Ti 
coatings, the formed compounds could be found from the Air-873Kyh samples, but the 
surface morphology did not show obvious change with extending the HT time at 873 K. 
While extending the HT time at 973 K, the formed compounds increase in number and 
size. The structure grows to the needle-like structure at 973 K. Moreover, extending the 
HT time at 1073 K, the formed compounds show the needle-like structure at 1073 K for 
3 h and 10 h, and grow to the columnar-like structure at 1073 K for 15 h. Comprehensive 
consideration of the phase transformation and the changes of surface microstructure, it 
could drew the conclusion that the phase transformation from anatase to rutile effected 
by the surface morphology [2.31, 2.32].  
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Fig. 2.15 SEM images of surfaces of the Air-xKyh samples fabricated by HT in air.  
(a) 873 K, (b) 973 K, (c) 1073 K. 
 
Fig. 2.16 shows the cross sections of Air-xKyh samples. The oxidized layer is too 
thin to be detected from the Air-873Kyh samples. When heat treatment in air at 973 K, 
thin oxidized layer could be detected until extending the time to 15 h, as shown in Fig. 
2.16b-3. When heat treatment in air at 1073 K, the layer grows to be more obvious, and 
the thickness of the oxidized layer increases from about 3 μm of the Air-1073K3h 
sample to 18 μm of the Air-1073K15h sample. Compared with the influence of HT time, 
the influence of HT temperature on the growth of the oxidized layer is more obvious. 
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Fig. 2.16 SEM images of cross sections of the Air-xKyh samples fabricated by HT in air. 
(a) 873 K, (b) 973 K, (c) 1073 K. 
 
Photocatalytic activity.    Fig. 2.17 shows the degradation constant rate of the 
photocatalytic activity of the Air-xKyh samples by degradation of MB solution under 
UV irradiation. The trend of photocatalytic activity of the Air-xKyh samples increases, 
with increasing the HT time at each HT temperature. Compared with the influence of 
HT time at each HT temperature, the HT temperature plays more important role on the 
enhancement of the photocatalytic activity of the Air-xKyh samples. 
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Fig. 2.17 Degradation constant rate of the photocatalytic activity of the Air-xKyh 
samples fabricated by HT in air. 
 
2.3.2 Photocatalyst coatings fabricated by HT in carbon powder 
    Based on the introduction of TiO2 photocatalyst, it shows that the photoreaction 
efficiency of TiO2 is limited by its large band gap energy (> 3 eV), and fast 
electron-hole recombination due to a high density of trap states. Therefore, this part will 
focus on enhancement of photocatalytic activity of photocatalyst coatings by HT in 
carbon powder for Ti coatings. 
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Fig. 2.18 Appearance and XRD patterns of the samples fabricated by HT in air and HT 
in carbon powder. 
 
2.3.2.1 Comparison of photocatalyst coatings fabricated by HT in air and HT in carbon 
powder 
Appearance and formed compounds.    Fig. 2.18 shows the appearance and XRD 
patterns of the samples of Air-1073K15h and C-1073K15h fabricated by HT in air and 
HT in carbon powder for Ti coatings, respectively. The color shows brown from the 
C-1073K15h sample and light-white from the Air-1073K15h sample. After HT in 
carbon powder, the diffraction peaks at 36.1°, 42.0°, and 60.9° could be attributed to the 
(111), (200), and (220) crystal planes of TiCxOy, respectively. Whereas the diffraction 
peaks at 27.4°, 36.1°, 41.2°, and 54.3° could be well indexed to the (110), (101), (111), 
and (211) crystal planes of rutile TiO2. It means the C-1073K15h sample is with mixed 
crystal of TiCxOy and rutile TiO2 forms on the surface of Ti coatings, while the 
Air-1073K15h sample is with only rutile TiO2. The difference in color between the 
samples of C-1073K15h and Air-1073K15h could be related to the crystal structure 
[2.24, 2.36]. 
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Fig. 2.19 SEM images of surface morphology of the samples fabricated by HT in air 
and HT in carbon powder. (a) HT in air, (b) HT in carbon powder. 
 
Morphology evolution.    Fig. 2.19 shows the surface morphology of the samples of 
Air-1073K15h and C-1073K15h fabricated by HT in air and HT in carbon powder, 
respectively. The change of the surface morphology is remarkable, shown the size of 
surface morphology decreases from micro by HT in air to nano by HT in carbon powder. 
The reason of the change is related with the micro-column structure of the 
Air-1073K15h sample to the nano-bump structure of the C-1073K15h sample. As we 
know, Ti can easily react with oxygen to form titanium oxide, and the key oxidation 
process dominating the growth of titanium oxide depends on the predominant diffusion 
of Ti or oxygen. The predominance of Ti versus oxygen diffusion is influenced by the 
oxygen concentration, which would affect the structure of titanium oxide [2.37, 2.38]. 
During the HT in air, the enough amount of oxygen makes oxygen diffusion to be 
predominant, to form rutile TiO2 with the micro-column structure. While during the HT 
in carbon powder, the TiCxOy is formed by the reaction of Ti, oxygen and carbon, and 
the carbon atmosphere would cause the reaction process to occur under a relatively low 
oxygen concentration [2.37]. Hence, the significant change of surface morphology 
could be considered as the difference in the crystal structure and the predominant 
diffusion of Ti and oxygen. 
Bonding environment.    Fig. 2.20 shows the XPS results by investigating the samples 
of Air-1073K15h and C-1073K15h. For the O 1s high-resolution XPS spectra, the peak 
usual locates at 529.4 corresponds to the Ti-O banding for TiO2 coatings. Fig. 2.20a 
shows that the O 1s bonding energy of the C-1073K15h sample shows a obvious shift to 
529.8 eV, which could be related to the formation of oxygen vacancies [2.16, 2.39]. 
While Fig. 2.20b shows that the Ti 2p XPS spectra are almost identical, which hints that 
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Fig. 2.20 XPS spectra of the samples of Air-1073K15h and C-1073K15h. (a) O 1s XPS 
spectra, (b) Ti 2p XPS spectra.  
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Fig. 2.21. (a) UV-vis absorption spectra of the samples of Air-1073K15h and 
C-1073K15h; (b) Plots of (ahv)1/2 versus the photon energy (hv) of the UV-vis 
absorption spectra. 
 
the Ti atoms is with a similar bonding environment after the HT in air and HT in carbon 
powder.  
UV-vis spectroscopy was further used to study the electronic states of the samples 
of Air-1073K15h and C-1073K15h, as shown in Fig. 2.21. Compared with the 
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absorbance of the Air-1073K15h sample, the absorbance edge of the C-1073K15h 
sample evidently moves towards the visible light region. Moreover, from Fig. 2.21a, the 
C-1073K15h sample shows strong absorption in almost the entire region. This change 
hints that the oxygen vacancies were formed in the lattice of TiO2 during HT in carbon 
powder. Fig. 2.21b shows that the band gap narrows from 2.88 eV of the Air-1073K15h 
sample to 1.08 eV of the C-1073K15h sample. This result confirms that HT in carbon 
powder could effectively narrow the band gap of the TiO2, and hints that the formed 
oxygen vacancies in the lattice of TiO2, which is consistent with the similar results 
reported by other researchers [2.16, 2.40]. 
 
Photocatalytic activity.    The photocatalytic activity of the samples of Air-1073K15h 
and C-1073K15h was evaluated by degradation of MB solution under UV and visible 
light irradiation, as shown in Fig. 2.22. It could be found that the C-1073K15h sample 
shows the enhancement on the photocatalytic activity under both UV and visible light 
irradiation, compared with that of the Air-1073K15h sample. The enhancement on the 
photocatalytic activity of the C-1073K15h sample could be considered as the following 
reasons. The formed surface morphology with nano-bump structure of the C-1073K15h 
sample substantially increases the accessible surface area. Moreover, the HT in carbon 
powder is main factor to narrowed band gap value from 2.88 eV to 1.08 eV, which could 
benefit the generation of electrons and holes to enhance the photocatalytic activity. In 
addition, the mixed crystal of TiCxOy and rutile TiO2 of the C-1073K15h sample could 
increase the separation of charge transfer between TiCxOy and TiO2. 
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Fig. 2.22 Comparison of the photocatalytic activity of the samples of Air-1073K15h 
and C-1073K15h. (a) Under UV irradiation, (b) Under visible light irradiation. 
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Fig. 2.23 Appearance of the C-xK15h samples fabricated by HT in carbon powder.  
 
2.3.2.2 Influence of HT temperature in carbon powder on photocatalyst coatings 
Appearance.    Fig. 2.23 shows the appearance of the C-xK15h samples fabricated by 
HT in carbon powder for Ti coatings. After HT in carbon powder at different 
temperatures for 15 h, the C-xK15h samples appear various colors, with increasing the 
temperature from 973 to 1273 K. The color shows dark-blue at 973 K, brown at 1073 K, 
light-black at 1173 K and black at 1273 K. 
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Fig. 2.24 XRD patterns of the C-xK15h samples fabricated by HT in carbon powder. 
 
Formed compounds.    Fig. 2.24 shows XRD patterns of the C-xK15h samples. The 
influence of HT temperature on the formed compounds of the Air-xK15h samples is 
obvious. After HT in carbon powder at 1073 K, the C-1073K15h sample is with mixed 
crystal of TiCxOy and rutile TiO2 forms on the surface of Ti coatings, as discussed above. 
When decreasing the HT temperature to 973 K, the crystal shows slight TiCxOy and 
rutile TiO2 (54.3°). While increasing the temperature to 1173 K, the crystal becomes 
only TiCxOy, indicating that the possible formed TiO2 had been reduced to be TiCxOy 
[2.41, 2.42]. The relative intensity of TiCxOy peak in the C-1173K15h sample is stronger 
than that of the C-1073K15h sample. When increasing the HT temperature to 1273 K, 
the crystal shows that TiCxOy increases and Ti decreases, indicating that the formed 
amount of TiCxOy increased. The difference in color between the C-xK15h samples 
could be related to the crystal structure [2.24, 2.36]. 
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Fig. 2.25 SEM images of surfaces of the C-xK15h samples fabricated by HT in carbon 
powder. (a) C-973K15h, (b) C-1073K15h, (c) C-1173K15h, (d) C-1273K15h. 
 
Morphology evolution.    Fig. 2.25 shows that the change of the surface morphology 
of the C-xK15h sample fabricated by HT in carbon powder under different HT 
temperatures for 15 h. In general, it clearly shows the change of the size of formed 
compounds on the surface, with increasing HT temperatures in carbon powder. When 
under relative low HT temperature of 973 K, the formed compound is difficult to be 
detected from the surface of the C-973K15h sample (Fig. 2.25a), which hardly shows 
the change compared with that of Ti coatings. When increasing the HT temperature to 
1073 K, Fig. 2.25b shows that the formed compounds of the C-1073K15h sample are 
with the nano-bump structure. While increasing the HT temperature to 1173 K, Fig. 
2.25b also shows that the formed compounds of the C-1173K15h sample are with the 
nano-bump structure, increasing in size and number. However, the formed compounds 
of the C-1273K15h sample become to micro structure, with increasing the HT 
temperature to 1273 K. Hence, the remarkable change of the surface morphology could 
be related to the change of the crystal structure and the reaction process of Ti with the 
involved carbon oxide and its concentration, by HT in carbon powder with different HT 
temperatures for 15 h. 
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Fig. 2.26 XPS spectra of the C-1073K15h and C-1173K15h samples. (a) O 1s XPS, (b) 
Ti 2p XPS, (c) C 1s XPS. 
Bonding environment.    Fig. 2.26 shows that XPS results by investigating the 
C-1073K15h and C-1173K15h samples. The peak of the O 1s high-resolution XPS 
spectra usual locates at 529.4, which could be corresponds to the Ti-O banding for TiO2 
coatings. It shows a significant shift of the O 1s peak to 529.9 eV of the C-1073K15h 
sample and 530.3 eV of the C-1173K15h sample, respectively. The shift of O 1s XPS 
spectra could be related to the formed oxygen vacancies in the crystal of TiO2. 
Moreover, from Fig. 2.26b, it clearly shows that the peak of Ti3+ forms in the Ti 2p XPS 
spectra, which further confirms the replacement of oxygen to form the oxygen 
vacancies. In addition, Fig. 2.26c shows that C 1s XPS spectra has been measured to 
investigate the carbon states in the photocatalyst. As we know, the peak nearby at 282.2 
eV could be usually considered to the Ti-C bonds, which was obviously observed from 
the C-1173K15h sample. This result hints that carbon may be doped into the crystal of 
TiO2 under HT in carbon powder [2.42, 243]. 
Photocatalytic activity.    Fig. 2.27 shows that the photocatalytic activity of the 
C-xK15h samples is evaluated by degradation of MB solution under UV and visible 
light irradiation at room temperature. According to the concentration change of MB 
solution, the C-xK15h samples show the photocatalytic activity. Compared with the 
influence of HT temperature in carbon powder on photocatalytic activity under UV and 
visible light irradiation, the photocatalytic activity of the C-1173K15h sample is higher 
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than those of the C-xK15h samples. While increasing the HT temperature from 973 K to 
1273 K, Fig. 2.27 shows the photocatalytic activity first increases and then decreases, 
which hints that photocatalytic activity is related with the crystal structure of TiO2, the 
accessible surface area of nano-bump structure, the doped carbon and the formed 
oxygen vacancy in the crystal. 
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Fig. 2.27 Comparison of the photocatalytic activity of the C-xK15h samples. (a) Under 
UV irradiation; (b) Under visible light irradiation. 
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Fig. 2.28 Appearance of the C-xKyh samples fabricated by HT in carbon powder. 
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Fig. 2.29 XRD patterns of the C-xK15h samples fabricated by HT in carbon powder. 
 
2.3.2.3 Influence of HT time in carbon powder on photocatalyst coatings 
    Based on the above results of the C-xK15h samples, the influence of HT time in 
carbon powder on photocatalyst coatings is focused on the HT temperature of 1073 K 
and 1173 K. 
Appearance.    After HT in carbon powder with different temperatures and times, the 
C-xKyh samples appear various colors, as shown in Fig. 2.28. With extending the HT 
times at 1073 K, the color of the C-1073Kyh samples shows black, and the color change 
to dark-brown (C-1073K50h) until extending the HT time to 50 h. While extending the 
HT times at 1173 K, the color of the C-1173Kyh samples changes from black 
(C-1173K15h) to ligh-black (C-1173K30h) and then brown (C-1173K50h). 
Formed compounds.    Fig. 2.29 shows XRD patterns of the C-xKyh samples. After 
HT in carbon powder at 1073 K, Fig. 2.29a shows the influence of HT time on the 
formed compounds of the C-1073Kyh samples is remarkable. The C-1073Kyh samples 
are with mixed crystal of TiCxOy and rutile TiO2 forms on the surface of Ti coatings. 
With extending the time from 2 h to 50 h at 1073 K, the relative intensity of rutile TiO2 
peaks becomes stronger. After HT in carbon powder at 1173 K, Fig. 2.29b shows the 
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influence of HT time on the formed compounds of the C-1073Kyh samples is slight. 
The C-1173Kyh samples are with only TiCxOy forms on the surface of Ti coatings. With 
extending the time from 2 h to 30 h at 1173 K, the relative intensity of TiCxOy peaks 
first increases (C-1173K15h) then decrease (C-1173K30h). This change of the relative 
intensity of TiCxOy peaks may be related to the reduction of the possible formed TiO2 
[2.41, 2.42]. 
Morphology evolution.    Fig. 2.30 and Fig. 2.31 show that the influence of the HT 
time in carbon powder at 1073 K and 1173 K on the surface morphology evolution is 
obvious, respectively. In general, with extending the HT time from 2h to 50 h at 1073 K, 
the formed compounds with the nano-bump structure increase in number and grow in 
size. When the HT time in carbon powder is short, the formed compound is difficult to 
be detected from the C-1073K2h sample (Fig. 2.30a). When extending the HT time to 
15 h, from Fig. 2.30b, the formed compounds grow in size and number and show the 
nano-bump structure. Moreover, the surface morphology of the C-1073K30h sample is 
similar to that of the C-1073K15h sample. While extending the time to 50 h, the 
reaction compounds significantly increase in size and the C-1073K50h sample shows 
micro-bump structure (Fig. 2.30d). Also, compared with the C-1073Kyh samples, Fig. 
2.31 shows that the influence of the HT time in carbon powder at 1173 K on the surface 
morphology of the C-1173Kyh samples is more obvious, with increasing the HT time at 
1173 K. The formed compound is also difficult to be detected from the C-1173K2h 
sample, and the formed compounds increase in size and the C-1173K15h sample shows 
the nano-bump structure. While extending the HT time to 30 h, the formed compounds 
obviously increase and the C-1173K30h sample shows micro structure. 
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Fig. 2.30 SEM images of surfaces of the C-1073Kyh samples fabricated by HT in 
carbon powder. (a) C-1073K2h, (b) C-1073K15h, (c) C-1073K30h, (d) C-1073K50h. 
1 μm
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Fig. 2.31 SEM images of surfaces of the C-1173Kyh samples fabricated by HT in 
carbon powder. (a) C-1173K2h, (b) C-1173K15h, (c) C-1173K30h. 
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Fig. 2.32 Degradation constant rate of the photocatalytic activity of the C-1073Kyh 
samples. 
 
Photocatalytic activity.    Fig. 2.32 shows the degradation constant rate of the 
photocatalytic activity of the C-1073Kyh samples by degradation of MB solution under 
UV and visible light irradiation. The trend of photocatalytic activity of the C-1073Kyh 
samples increases, with increasing the HT times. The enhancement on photocatalytic 
activity of the C-1073K15yh samples may be considered to the formed nano-bump 
morphology and mixed crystal of TiCxOy and rutile TiO2. The formed nano-bump 
morphology significantly increases the accessible surface area. In addition, the mixed 
crystal of TiCxOy and rutile TiO2 could increase the separation of charge transfer 
between TiCxOy and TiO2. While the trend of photocatalytic activity of the C-1173Kyh 
samples first increases and then decreases with increasing the HT times, as shown in Fig. 
2.33. The reason on photocatalytic activity of the C-1173K15yh samples may be 
attributed to the change of surface morphology, the relative intensity of TiCxOy. 
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Fig. 2.33 Degradation constant rate of the photocatalytic activity of the C-1173Kyh 
samples. 
 
 
2.3.3 Photocatalyst coatings fabricated by multi-HT 
    Based on the above study on HT in air and HT in carbon powder for Ti coatings, 
the following part will focus on the influence of multi-HT on photocatalyst coatings for 
Ti coatings. During the multi-HT, the HT in air at 1073 K has been named as oxidation, 
the HT process before the oxidation has been named as pretreatment. 
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Fig. 2.34 Appearance of the samples fabricated by multi-HT. (a) Without pre-HT, (b) 
With pre-HT in air, (c) With pre-HT in carbon powder. 
Appearance.   Fig. 2.34 shows the color change of the samples fabricated by multi-HT. 
From Fig. 2.34a, the color of the Air-1073K15h sample appears light-white by HT in air, 
then to grey (Air-1073K15h/C-973K0.5h) by HT in carbon powder. From Fig. 2.34b, 
with pre-HT in air at 1073 K for 2 h, the color of the Air-1073K2h sample appears 
dark-blue, then to dark-white (Air-1073K2h/Air-1073K15h) by HT in air, and then to 
dark-grey (Air-1073K2h/Air-1073K15h/C-973K0.5h) by HT in carbon powder. While 
with pre-HT in carbon powder at 1073 K for 2 h, the color of the C-1073K2h sample 
appears brown, to dark-white with slight yellow (C-1073K2h/Air-1073K15h) by HT in 
air, then to grey (Air-1073K2h/Air-1073K15h/C-973K0.5h) by HT in carbon powder. 
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Fig. 2.35 XRD patterns of the C-xK15h samples fabricated by multi-HT. (a) Without 
pre-HT, (b) With pre-HT in air, (c) With pre-HT in carbon powder. 
 
Formed compounds.    Fig. 2.35 shows XRD patterns of the samples fabricated by 
multi-HT for Ti coatings. From Fig. 2.35b, with pre-HT in air, the Air-1073K2h sample 
shows the peaks of rutile TiO2 and anatase TiO2, indicating that TiO2 forms on the 
surface of Ti coatings. While with pre-HT in carbon powder, from Fig. 2.35c, the 
diffraction peaks at 36.1°, 42.0°, and 60.9° could be attributed to the (111), (200), and 
(220) crystal planes of TiCxOy respectively. After subsequent HT in air, the diffraction 
peaks of the all samples are similar and well indexed to the crystal planes of rutile TiO2, 
indicating that only rutile TiO2 formed. After subsequent HT in carbon powder, it is 
hardly to find the change in the formed compounds. 
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Fig. 2.36 SEM images of the surfaces of the samples fabricated by multi-HT. (a-1) Ti 
coatings, (a-2) Air-1073K15h, (a-3) Air-1073K15h/C-973K0.5h, (b-1) Air-1073K2h, 
(b-2) Air-1073K2h/Air-1073K15h, (b-3) Air-1073K2h/Air-1073K15h/C-973K0.5h, 
(c-1) C-1073K2h, (b-2) C-1073K2h/Air-1073K15h,  
(c-3) C-1073K2h/Air-1073K15h/C-973K0.5h. 
Morphology evolution.    Fig. 2.36 shows the surface morphology evolution of the 
samples fabricated by multi-HT. After subsequent HT in air at 1073 K for 15 h, the 
effect of pre-HT in air and pre-HT in carbon powder on the surface morphology is 
obvious. Compared with Air-1073K15h sample (Fig. 2.36a-2), the size of surface 
morphology of the samples with two kinds of pre-HT (Fig. 2.36b-2 and Fig. 2.36c-2) 
becomes smaller. The surface morphology changes from columnar (Fig. 2.36a-2) to 
micro-size (Fig. 2.36b-2) and nano-fiber (Fig. 2.36c-2), especially along micro-bands 
(Fig. 2.36c-2) [2.44]. From Fig. 2.36c-2, it could clearly observe the micro-bands 
formed on the surface of the sample with pre-HT in carbon powder, but not on the other 
two samples (Fig. 2.36a-2 and Fig. 2.36b-2). Moreover, after subsequent HT in carbon 
powder, the change of surface morphology is slight.  
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Fig. 2.37 Comparison of surface morphology the samples fabricated by multi-HT. (a) 
and (c) Air-1073K15h, (b) and (d) C-1073K2h/Air-1073K15h. 
 
The morphology change shows that the formed TiO2 during pre-HT in air and the 
formed TiCxOy during pre-HT carbon powder, have a remarkable effect on the 
subsequent HT in air. As we know, Ti can easily react with oxygen to form titanium 
oxide, and the growth of titanium oxide could be affected on the predominant diffusion 
of Ti or oxygen [2.45]. The predominance diffusion of Ti versus oxygen is influenced 
by oxygen concentration, oxidation temperature, and the formed initial layer on the 
surface of Ti coatings [2.38]. Compared with the Air-1073K15h sample fabricated by 
HT in air, the morphology change on the samples with pre-HT is due to the initial 
formed coatings of TiO2 and TiCxOy, could cause the HT process to occur under a 
different low oxygen concentration [2.46]. Hence, the pre-HT is the key factor on the 
morphology change, which could result in the different growth process of TiO2 during 
the subsequent HT in air. 
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Fig. 2.38 Comparison of micro-cracks in the surface of the samples (a) C-1073K2h, (b) 
C-1073K2h/Air-1073K15h. 
 
From the above results of pre-HT on the surface morphology during the 
subsequent HT in air, the influence of pre-HT in carbon powder on surface morphology 
has been further investigated, as shown in Fig. 2.37. Micro-bands are clearly observed 
on the surface of the C-1073K2h/Air-1073K15h sample (Fig. 2.37b) but not show from 
the Air-1073K15h sample (Fig. 2.37a). Compared with the Air-1073K15h sample, the 
size of the formed compounds of the C-1073K2h/Air-1073K15h sample becomes 
smaller and the change of the surface morphology is from columnar structure (Fig. 
2.37c) to the nano-fiber structure, especially along the formed micro-bands, as shown in 
Fig. 2.37d.  
Moreover, the effect of pre-HT in carbon powder on the surface morphology was 
determined by SEM analysis, as shown in Fig. 2.38. The micro-bands formed during 
pre-HT in carbon powder (Fig. 2.38a) could be related to the thermal stress and/or the 
HT in carbon powder [2.47]. After subsequent HT in air, the nano-fiber structure forms 
along the micro-bands, and the width is about 40 times than that of the micro-band itself. 
Hence, the micro-band formed on the surface of Ti coatings is one of the key factors 
resulting in the formation of the nano-fiber structure. 
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Fig. 2.39 SEM images of cross sections of the samples fabricated by multi-HT. (a-1) Ti 
coatings, (a-2) Air-1073K15h, (a-3) Air-1073K15h/C-973K0.5h, (b-1) Air-1073K2h, 
(b-2) Air-1073K2h/Air-1073K15h, (b-3) Air-1073K2h/Air-1073K15h/C-973K0.5h, 
(c-1) C-1073K2h, (b-2) C-1073K2h/Air-1073K15h,  
(c-3) C-1073K2h/Air-1073K15h/C-973K0.5h. 
 
Fig. 2.39 shows the cross sections of the samples fabricated by multi-HT. With 
pre-HT in air, the TiO2 coatings could be found from Fig. 2.39b-1 and the thickness of 
the formed oxidized layer is about 5 μm, while TiCxOy formed during pre-HT in carbon 
powder is too thin to be detected from Fig. 2.39c-1. After subsequent HT in air, the 
different initial oxidized layer could affect the oxygen concentration, which is agreed 
with the change of surface morphology. In addition, the thickness of the samples by 
subsequent HT in air is similar, Fig. 2.39c-2 shows that the more inner layer could be 
observed. The more inner oxidized layer could be caused by the micro-band formed 
during pre-HT in carbon powder [2.25]. Moreover, during HT in carbon powder after 
oxidation in air, the cross sections of the samples hardly change (Fig. 2.39a-3, Fig. 
2.39b-3, and Fig. 2.39c-3). 
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Fig. 2.40 XPS spectrum of the samples of Air-1073K15h (black line) and 
C-1073K2h/Air-1073K15h/C-973K0.5h (red line). (a) O 1s spectra, (b) Ti 2p spectra. 
 
Bonding environment.    Fig. 2.40 shows that the XPS results by investigating the 
Air-1073K15h and C-1073K2h/Air-1073K15h samples. For the O 1s high-resolution 
XPS spectrum, the peak located at 529.4 corresponds to the O 1s of TiO2 from the 
Air-1073K15h sample. Compared with the Air-1073K15h sample, the O 1s bonding 
energy of the C-1073K2h/Air-1073K15h sample shows a significant shift to 529.9 eV, 
which is related to the formed oxygen vacancies [2.16, 2.40]. However, Fig. 2.40b 
shows that the peaks of Ti 2p at 464.2 and 458.3 eV are almost without change, 
indicating that the Ti atoms have a similar bonding environment in the samples 
fabricated by different HT process [2. 16]. 
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Fig. 2.41 UV-vis absorption spectra and its plots of (ahv)1/2 versus the photon energy 
(hv) of the UV-vis absorption spectra of the samples. (a-1) and (b-1) Air-1073K15h, 
(a-2) Air-1073K2h/Air-1073K15h, (a-3) C-1073K2h/Air-1073K15h, (a-4) and (b-2) 
Air-1073K15h/C-973K0.5h, (a-5) and (b-3) Air-1073K2h/Air-1073K15h/C-973K0.5h, 
(a-6) and (b-4) C-1073K2h/Air-1073K15h/C-973K0.5h. 
 
Fig. 2.41 further shows the results of electronic states of the samples fabricated by 
multi-HT, measured by UV-vis spectroscopy. The absorbance edge of the samples of 
Air-1073K15h/C-973K0.5h and C-1073K2h/Air-1073K15h/C-973K0.5h remarkably 
shift to the visible light range, as shown in Fig. 2.41a. It confirms that HT in carbon 
powder plays a very important role in the red shift of the light absorbance. While Fig. 
2.41b clearly shows that the change of the band gap from 2.88 eV of the Air-1073K15h 
sample to 2.78 eV of the Air-1073K15h/C-973K0.5h sample, and from 2.86 eV of the 
C-1073K2h/Air-1073K15h sample to 2.72 eV of the 
C-1073K2h/Air-1073K15h/C-973K0.5h sample. The narrowed band gap further 
confirms that the oxygen vacancies are generated in the lattice of TiO2 during HT in 
carbon powder, which is consistent with the reports from other researchers [2.16, 2.40]. 
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Fig. 2.42 Degradation constant rate of the photocatalytic activity of the samples 
fabricated by multi-HT. (a) Air-1073K15h, (b) Air-1073K2h/Air-1073K15h,  
(c) C-1073K2h/Air-1073K15h, (d) Air-1073K15h/C-973K0.5h,  
(e) Air-1073K2h/Air-1073K15h/C-973K0.5h,  
(f) C-1073K2h/Air-1073K15h/C-973K0.5h. 
 
Photocatalytic activity.    Fig. 2.42 shows the degradation constant rate of degradation 
of MB solution with the samples by under visible light irradiation. It could be clearly 
found that the influence of pre-HT on the photocatalytic activity under UV irradiation is 
similar, while the influence of pre-HT in carbon powder on the photocatalytic activity 
under visible light irradiation is more obvious than that of pre-HT in air. 
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Fig. 2.43 Comparison of the photocatalytic activity towards the degradation of MB 
solution under visible light irradiation. (a-1) Air-1073K15h,  
(a-2) Air-1073K15h/C-973K0.5h, (a-3) C-1073K2h/Air-1073K15h, (a-4) and (b-1) 
Air-1073K15h/C-973K0.5h. 
 
Moreover, to confirm the effect of HT in carbon powder after HT in air, the 
samples of Air-1073K15h/C-973K0.5h and C-1073K2h/Air-1073K15h/C-973K0.5h 
were carried out by HT in air at 1073 K for 2 h, as shown in Fig. 2.43. The 
photocatalytic activity of reverts to that before HT in carbon powder, as shown by the 
orange and red arrows, respectively in the Fig. 2.43a. It further confirms that the formed 
oxygen vacancies during HT in carbon powder play the very important role on 
enhancing the photocatalytic activity. In addition, the results of the cycling tests for the 
C-1073K2h/Air-1073K15h/C-973K0.5h sample was shown in Fig. 2.43b. There is 
without obvious deactivation of the photocatalytic activity after three consecutive runs, 
which means that the C-1073K2h/Air-1073K15h/C-973K0.5h sample possesses 
excellent photocatalytic stability. 
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Fig. 2.44 Appearance of the samples fabricated by various HT conditions. 
 
2.3.4 Photocatalyst coatings fabricated by various HT processes 
Appearance.    Fig. 2.44 shows the appearance of the samples fabricated by various HT 
conditions. After HT in carbon powder, the color of the C-1073K15h sample appears 
black. For the C*-1073K15h sample with pre-HT at 573 K for 10 h, the color appears 
brown. While HT in carbon powder under a relative lower oxygen partial pressure (0.1 
Pa), the color of the CV-1073K15h sample appears grey. For the Al2O3-1073K15h 
sample, with changing the inner carbon powder of contacted Ti coatings to Al2O3 
powder, the color appears brown. 
Formed compounds.    Fig. 2.45 shows XRD patterns of the samples. After HT in 
carbon powder, the C-1073K15h sample is with mixed crystal of TiCxOy and rutile TiO2 
formed on the surface of Ti coatings. For the C*-1073K15h sample, the XRD pattern is 
similar to that of the C-1073K15h sample. While HT in carbon powder under a relative 
lower oxygen partial pressure (0.1 Pa), the CV-1073K15h sample is only TiCxOy without 
TiO2 forms on Ti coatings. For the Al2O3-1073K15h sample, with changing the inner 
carbon powder of contacted Ti coatings to Al2O3 powder, the XRD patterns also show 
the mixed crystal of rutile TiO2 and TiCxOy, while the peak intensity is a little lower 
than that of the C-1073K15h sample (Table. 2.5). For comparison of HT in air, the 
Air-1073K15h sample is with only rutile TiO2. 
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Fig. 2.45 XRD patterns of the samples by various HT conditions. (a) C-1073K15h, (b) 
C*-1073K15h, (c) CV-1073K15h, (d) Al2O3-1073K15h, (e) Air-1073K15h. 
 
Table 2.5 XRD data and the involved reactions during HT process. 
Sample Crystal phase 
Peak intensity  Involved 
reactions I(TiO2) / 
I(TiCxOy) 
I(TiCxOy) / 
I(Ti) 
C-1073K15h TiO2 rutile, TiCxOy, Ti 0.6 0.2 (2.3)-(2.6)  
C*-1073K15h TiO2 rutile, TiCxOy, Ti 0.6 0.2 (2.3)-(2.6) 
CV-1073K15h TiCxOy, Ti  0.4 (2.3)-(2.5) 
Al2O3-1073K15h TiO2 rutile, TiCxOy, Ti 0.5 0.4 (2.3)-(2.6) 
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Considering the above XRD results, the difference in crystal structure formed on 
the surface of Ti coatings is related to the reactions during HT process. Compared with 
the XRD patterns of the samples of C-1073K15h and C*-1073K15h, the possible 
residual air in the carbon powder has not affected the formation of crystal. Compared 
with the samples of C-1073K15h and CV-1073K15h, the oxygen partial pressure around 
the set (Fig. 2.24) plays a role on the formation of crystal. It hints that the reaction 1 has 
also been occurred under relative lower oxygen partial pressure (0.1 Pa), but the formed 
CO2 has been partly extracted and affected the reaction (2.4). While XRD patterns of 
Al2O3-1073K15h sample reveal the formed CO in reaction (2.4) could diffuse through 
Al2O3 powder and reach Ti coatings, which further shows the evidence of the actual 
reaction with Ti coatings should be carbon oxide as gas state. Therefore, the related 
reactions during HT process could be described as following: 
C (s) + O2 (gas) ⇋ CO2 (gas)                             (2.3) 
CO2 (gas) + C (s) ⇋ CO (gas)                         (2.4) 
Ti (s) + CO (gas) ⇋ TiCxOy (s)                                      (2.5) 
Ti (s) + CO (gas) ⇋ TiO2 (s)                                        (2.6) 
 
Reaction 2.3
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Air
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Fig. 2.46 Schematic diagram of HT processes. (a) Ti coatings embedded in carbon 
powder, (b) Ti coatings embedded in Al2O3 powder and carbon powder. 
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Fig. 2.47 SEM images of surfaces of the samples fabricated by various HT conditions. 
(a) Ti coatings, (b) C-1073K15h, (c) C*-1073K15h, (d) CV-1073K15h, (e) 
Al2O3-1073K15h, (f) Air-1073K15h. 
Based on the related reactions during HT in carbon powder, the schematic diagram 
of reaction process is shown as Fig. 2.46a. Firstly, the outer carbon reacts with oxygen 
and forms CO2. Some of the formed CO2 will diffuse to air, while some diffuse into 
carbon powder. The inner carbon reacts with the CO2 and to form CO. When CO 
reaches the surface of Ti coatings, reaction 3 and 4 occurs under high temperature 
[2.48-2.50]. While Fig. 2.46b shows the schematic diagram for the Al2O3-1073K15h 
sample, with changing inner carbon powder to Al2O3 powder. 
 
Morphology evolution.    Fig. 2.47 shows the surface morphology of the samples by 
various HT conditions. For the C-1073K15h sample, the nano-size structure is formed 
on the surface of Ti coatings. While the C*-1073K15h sample also shows the nano-size 
structure, but a little bigger than that of the C-1073K15h sample, as the effect of pre-HT 
at 573 K for 10 h. Compared with the samples of C-1073K15h and CV-1073K15h, the 
difference in surface morphology is obvious. It means that the relative lower oxygen 
partial pressure around the set has a greater effect on the surface morphology. From the 
Al2O3-1073K15h sample, it also could find the nano-size structure. In comparison of the 
Air-1073K15h sample, the enough amount of oxygen could make oxygen diffusion to 
be predominant, which leads to form rutile TiO2 with the micro-size structure. Hence, 
the obvious differences of the surface morphology could be considered to the 
differences in the crystal structure and the reaction process of Ti and CO or oxygen.  
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Fig. 2.48 SEM images of cross sections of the samples fabricated by various HT 
conditions. (a) C-1073K15h, (b) C*-1073K15h, (c) CV-1073K15h, (d) Al2O3-1073K15h, 
(e) Air-1073K15h. 
 
Fig. 2.48 shows the change of cross sections of the samples. For the samples of 
C-1073K15h and C*-1073K15h, the coatings are with rutile TiO2 and TiCxOy formed on 
Ti coatings and the thickness is about 1-3 μm. With relative lower oxygen partial 
pressure around the set (the CV-1073K15h sample), the thickness of TiCxOy is about 1 
μm or less. For the Al2O3-1073K15h sample, the thickness of TiO2 and TiCxOy is also 
about 1 μm or less. While the Air-1073K15h sample, the thickness of TiO2 is about 18 
μm. Therefore, the thickness of the formed coatings has been affected by the involved 
gas (CO or oxygen) reacted with Ti and its concentration, which is agreed with the effect 
on the surface morphology.  
Bonding environment.    Fig. 2.49 shows the results of the electronic states of the 
samples, measured by UV-vis spectroscopy. The light absorbance edge of the samples 
of C-1073K15h, C*-1073K15h, Al2O3-1073K15h, evidently moves towards the visible 
light range. It means that HT in carbon powder is a key factor for the red shift of the 
light absorbance of photocatalyst coatings. Fig. 2.49b shows HT in carbon powder could 
substantially narrow the band gap of photocatalyst coatings, compared with HT in air.  
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Fig. 2.49 UV-vis absorption spectra (a) and its plots of (ahv)1/2 versus (b) the photon 
energy (hv) of the UV-vis absorption spectra of the samples. 
 
The PL emission spectra has been widely used to investigate the efficiency of 
charge carrier trapping, immigration and transfer, and to understand the fate of 
electron/hole pairs in semiconductor particles [2.51]. The Air-1073K15h sample is with 
rutile TiO2 and its PL spectra shows the peak position of the emission band is about 580 
nm in the wavelength range of 530-660 nm (Fig. 2.50a). While the PL intensity of the 
C-1073K15h sample greatly decreased due to the formed oxygen vacancies during HT in 
carbon powder [2.52]. Fig. 2.50b-d show the XPS spectra of the samples by HT in 
carbon powder and HT in air. For the O 1s high-resolution XPS spectrum, the peak 
located at 529.4 in the Air-1073K15h sample, due to Ti-O bond of TiO2. Compared 
with the Air-1073K15h sample, Fig. 2.50b shows a remarkable shift of the O1s peak to 
529.9 eV of the C-1073K15h sample. To investigate the carbon states in photocatalyst, 
C 1s XPS spectrum was measured and shown in Fig. 2.50c and Fig. 2.50d. The peak 
nearby at 281.8 eV in the C-1073K15h sample results from Ti-C bond, which was 
determined that the oxygen sites were occupied by carbon atoms [2.53, 2.54]. In other 
words, carbon had doped into mix crystal. 
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Fig. 2.50 PL spectrum and XPS of the samples of C-1073K15h and Air-1073K15h. (a) 
PL spectrum, (b) O 1s XPS spectrum, (c) C 1s XPS spectrum, (d) An enlargement of C 
1s XPS spectrum. 
 
Photocatalytic activity.    Fig. 2.51 shows the results of the photodecomposition of 
MB solution under UV and visible light irradiation. Compared with Air-1073K15h 
sample, it could be found that the samples by HT in carbon powder, except the 
CV-1073K15h sample, exhibit a substantial enhancement on the photocatalytic activity. 
The higher photocatalytic activity could be attributed to the mixed crystal of rutile TiO2 
and TiCxOy, nano-size morphology, and the narrowed band gap. TiCxOy has been 
played an essential role of support for TiO2, which shows a heterojunction effect on 
promoting the separation of the charge transfer to enhance the photocatalytic activity 
[2.55].  
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Fig. 2.51 Comparison of the photocatalytic activity of the samples. (a) Under UV 
irradiation; (b) Under visible light irradiation. 
 
2.4 Conclusions 
In this chapter, we had studied to fabricate photocatalyst coatings by different HT 
processes with various conditions for Ti coatings. The results are summarized and 
shown as follows. 
(1) HT in air: The photocatalyst TiO2 coatings had been formed on the surface of Ti 
coatings with different HT temperatures and times. With increasing the HT temperature, 
the influence on XR, surface morphology, and photocatalytic activity is remarkable. 
While extending the HT time at each temperature, the influence is relative slight. 
(2) HT in carbon powder: The photocatalyst TiO2-TiCxOy coatings had been formed on 
the surface of Ti coatings with different temperatures and times. Comparison of 
photocatalyst coatings fabricated by HT in air, the photocatalyst coatings fabricated by 
HT in carbon powder show nano-bump structure and higher photocatalytic activity. 
With increasing the HT temperature, the change of surface morphology is obvious. The 
photocatalytic activity of the sample fabricated at 1173 K is highest.  
(3) Multi-HT: The influence of multi-HT on photocatalytic activity of the photocatalyst 
coatings is remarkable. The photocatalytic activity of the sample show highest, by 
multi-HT of pre-HT in carbon powder, HT in air, and HT in carbon powder. 
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(4) HT with various conditions: Compared with the results of the samples fabricated by 
various HT processes, including HT in air, HT in carbon powder, HT in carbon powder 
with different HT process or relative lower oxygen particle pressure, HT in Al2O3 
powder, the reaction process of Ti and CO occurred during HT in carbon powder has 
been investigated, and the corresponding reaction model has been developed. 
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Chapter 3. Study on composite photocatalyst coatings using Ti and 
other metal powders 
 
3.1 Background and aim 
In order to enhance the photocatalytic activity of photocatalyst coatings, the doped 
photocatalyst had been widely studied by many researchers. Recently, the photocatalyst 
with heterojunctions had been also reported to promote the charge transfer to suppress 
the recombination of the pairs of electrons and holes, to enhance the photocatalytic 
activity. The heterojunctions between two solid materials have attracted more attention, 
which could be divided to be three kinds: the semiconductor-semiconductor, 
semiconductor-metal, and semiconductor-carbon [3.1]. In general, the most employed 
heterojunction is the semiconductor-semiconductor architecture, usually between a 
p-type and n-type semiconductor in close contact. This can direct the flow of electrons 
to the conduction band (CB) of the n-type semiconductor and the holes can move to the 
valence band (VB) of the p-type semiconductor, resulting in more efficient charge 
transfer, with longer charge carrier lifetimes and higher reaction rates. For 
semiconductor-metal heterojunctions, a Schottky barrier is formed when a 
semiconductor is in close contact with a metal and the result is Fermi level alignment 
induced by electron low from the material with the higher Fermi level to the lower level 
(e.g. Pt/TiO2). The metal effectively acts as an electron trap to receive photoelectrons 
from the semiconductor after excitation, improving charge carrier separation and 
reducing recombination, as charge cannot flow in the opposite direction (unlike in an 
ohmic contact). For semiconductor-carbon heterojunctions, several types of carbon 
species have been used; carbon nanotubes and graphene are the most commonly used 
due to their metallic-like conductivity, high electron mobility and high surface area, 
allowing for facile electron injection from the light absorbing semiconductor; a similar 
analogy to the semiconductor-metal heterojunctions is obtained [3.2-3.5]. 
In this chapter, it will focus on the influence of adding metal powder into Ti 
powder by MCT on the formed compounds, surface morphologies, and photocatalytic 
activity of photocatalyst coatings by HT in air. 
3.2 Experimental 
3.2.1 Source materials and experimental equipments 
    Ti and metal (chromium (Cr) and vanadium (V)) powders were used as the coating 
materials. Also, Al2O3 balls were used as the substrates. A planetary ball mill was used 
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Table 3.1 Source materials of coating materials and Al2O3 ball. 
Raw materials Diameter (μm) Purity (%) Manufacturers 
Ti powder about 35  99.10 Osaka Titanium Technology 
Carbon powder about 150  - Kishu Charcoal  
Cr powder about 10  98.00 Nilaco Corporation 
V powder about 75 99.50 Nilaco Corporation 
Al2O3 ball about 1000 98.50 Nikkato Corporation 
 
to perform mechanical coating operation. The relevant parameters of the source 
materials are listed in Table 3.1. The prepared M-Ti coatings were fabricated by HT 
with various conditions using an electric furnace (HPM-1G, As one, Japan). 
3.2.2 Fabrication of M-Ti coatings by MCT 
The Ti and M powders were charged into an alumina pot with a volume of 250 mL. 
Then the alumina pot will be locked into the ball mill machine. The milling operation 
was carried out for 10 h from the start of the milling operation, with a 10-minute milling 
operation followed by a 2-minute cooling interval. The rotation speed of the planetary 
ball mill was fixed at 480 rpm. The detail process of MCT could be found in Fig. 2.1 in 
Chapter 2. M-Ti coatings were formed on Al2O3 balls after 10 h, and named as "M-Ti 
coatings". "xM-Ti" indicates that the coatings prepared by M and Ti powders, with x 
being the mass fraction of M by MCT. 
3.2.3 Fabrication of photocatalyst coatings by HT in air 
After the operation of MCT, the M-Ti coatings on Al2O3 balls had been heat treated 
in air using an electric furnace, at a series of relatively low temperatures of 873, 937, 
and 1073 K for 3 h, 10 h, and 15 h. Then the samples cooled to room temperature in the 
furnace, and were named as "M-Ti-Air-yKzh". In order to remove any substances that 
do not strongly adhere to the surfaces, the samples were cleaned by ultrasonic cleaning 
with the frequency of 40 kHz in acetone for 15 min. 
3.2.4 Fabrication of photocatalyst coatings by multi-HT 
Based on the results of the samples fabricated by HT in air and HT in carbon 
powder for Ti coatings in Chapter 2, we studied the influence of multi-HT for M-Ti 
coatings on photocatalytic activity and surface morphology. The mark style of the 
samples fabricated by multi-HT is shown in Fig. 3.1. 
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Fig. 3.1 Schematic diagram and mark style of the multi-HT. “HT in C” is short of “HT 
in carbon powder”. 
3.2.5 Characterization 
The formed compounds of the samples was analyzed using an X-ray diffraction 
(XRD, D8 Advance, Germany) equipped with Cu-Kα radiation at 40 kV and 40 mA, at a 
scanning rate of 0.02° s-1. The surface morphology and elemental composition analysis 
were examined by scanning electron microscopy (SEM, JSM-5300). The 
ultraviolet-visible absorption spectra of the prepared samples was measured by an 
ultraviolet-visible spectrophotometer (UV-vis, Model MSV-370, Jasco, Japan) with a 
wavelength range of 370-700 nm. 
Photocatalytic activity was evaluated by measuring the degradation rate of 
methylene blue (MB) solution (C0: 10 μmol/L, 35 mL) under UV and visible light 
irradiation at room temperature. Firstly, the samples were dried under UV irradiation 
(FL20S BLB, Toshiba) for 24 h. Then adsorption of MB solution (20 μmol/L, 35 mL) 
was carried out in the dark for 18 h. Two 20 W fluorescent lamps (NEC FL20SSW/18) 
were used as the irradiation source (irradiance of 5000 lx), and a UV cut-off filter (L42, 
Hoya) was used to ensure that only visible light (λ > 420 nm) could reach the samples. 
The degradation rate constant k (nmol L-1 min-1) of MB solution concentration versus 
irradiation time was calculated by the least squares method with the data. Also, here use 
R value to describe the difference of the degradation rate constants k.  
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Fig. 3.2 Appearance of the xCr-Ti-Air-yK15h samples fabricated by HT in air. 
3.3 Results and discussion 
3.3.1 Study on composite photocatalyst coatings using Ti and Cr powders 
3.3.1.1 Photocatalyst coatings fabricated by HT in air 
    During the discussion of the influence of HT conditions in air, it will also consider 
the influence of the added amount of Cr powder. In addition, following the experimental 
progress, the added amount of Cr powder is relative higher during the discussion of the 
influence of HT temperature, and the added amount of Cr powder becomes lower during 
the discussion of the influence of HT time.  
3.3.1.1.1 Influence of HT temperature in air on photocatalyst coatings 
Appearance.    Fig. 3.2 shows the appearance of the xCr-Ti-Air-yK15h samples 
fabricated by HT in air for the Cr-Ti coatings. The appearance of the xCr-Ti samples is 
metallic [3.5]. After HT in air, the appearance of the xCr-Ti-Air-yK15h samples is 
various, which are grey, brown, light-brown at 873 K, and blue, light-yellow at 973 K, 
and light-white, light-black, at 1073 K, as shown in Fig. 3.2. With increasing the added 
amount of Cr powder, the color of the xCr-Ti-Air-yK15h samples significantly changes.  
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Fig. 3.3 XRD patterns of the xCr-Ti-Air-yK15h samples fabricated by HT in air. 
 
Formed compounds.    Fig. 3.3 shows XRD patterns of the xCr-Ti-Air-yK15h samples 
fabricated by HT in air for the xCr-Ti coatings. The influence of HT temperature on the 
formed compounds of the xCr-Ti-Air-yK15h samples is obvious. From Ti coatings (Fig. 
3.3c), it only appears the peaks from Ti. After HT in air at each temperature for 15 h, the 
xCr-Ti-Air-yK15h samples clearly show the formed rutile TiO2 or anatase TiO2. It could 
be found that the mixed-phase with anatase and rutile from the xCr-Ti-Air-873K15h 
samples. While at the HT temperature of 973 K, the anatase phase obviously changes 
rutile phase, with increasing the added amount of Cr powder. It hints that adding Cr 
powder could accelerate the phase transformation from anatase to rutile [3.7]. While the 
temperature up to 1073 K, it shows rutile phase. As we know, the anatase-rutile phase 
transformation is a metastable-to-stable transformation and there is no equilibrium 
transformation temperature. For comparison, XR was calculated from the respective 
peak intensities using the equation (2.2). The change of XR is remarkable, especially at 
973 K. The results of XR will be shown and used during the discussion about the 
photocatalytic activity. 
９７ 
 
(c) Cr-Ti-Air-973K15h
(b) 0.6%Cr-Ti-Air-873K15h
(e) Cr-Ti-Air-1073K15h
5 μm
(d) 0.6%Cr-Ti-Air-973K15h
(f) 0.6%Cr-Ti-Air-1073K15h
(a) Cr-Ti-Air-873K15h
 
Fig. 3.4 SEM images of surfaces of the xCr-Ti-Air-yK15h samples fabricated by HT in 
air.  
 
Morphology evolution.    Fig. 3.4 shows the surface morphology evolution of the 
xCr-Ti-Air-yK15h samples, compared with increasing the HT temperature and adding 
0.6% of Cr. Compared with Ti coatings, the formed compounds could be found from the 
xCr-Ti-Air-yK15h samples. When without adding Cr at 873 K for 15h, the formed 
compounds are bump structure. With increasing the temperature, the crystal increase in 
number and grow to form the nano-size structure, from Fig. 3.4a, c, e. While the added 
amount of Cr is 0.6%, the change of surface morphology is remarkable and the size of  
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Fig. 3.5 SEM images of cross sections of the xCr-Ti-Air-yK15h samples fabricated by 
HT in air. 
 
the formed compounds of the samples at each HT temperature becomes larger, from Fig. 
3.4b, d, f. The change indicates that the HT temperature could obviously accelerate the 
growth of the formed compounds on the surface, and the presence of Cr could 
accelerate the growth. 
Fig. 3.5 shows the cross sections of the xCr-Ti-Air-yK15h samples. It is difficult to 
detect the formed compounds from the xCr-Ti-Air-873K15h samples. At the HT 
temperature of 973 K, thin oxidized layer is about 2 μm and could be found from the 
xCr-Ti-Air-973K15h samples. At the HT temperature of 1073 K, the growth of the 
oxidized layer is more obvious, and the thickness of the oxidized layer is about 18 μm. 
The change of the oxidized layer hints that the HT temperature could remarkably 
accelerate the growth of the oxidized layer. Moreover, adding Cr could further 
accelerate the growth of the oxidized layer. 
Photocatalytic activity.    The photocatalytic activity of the xCr-Ti-Air-yK15h 
samples has been measured by degradation of MB solution under UV and visible light 
irradiation, as shown in Fig. 3.6. The total trends of photocatalytic activity show 
decrease, after adding Cr powder at the different temperatures. The influence of adding 
Cr powder on the photocatalytic activity would guide the direction how to improve the 
photocatalytic activity. With adding Cr powder, the photocatalytic activity of the 
xCr-Ti-Air-yK15h samples is relatively higher, under HT at 973 K. The reason could be 
related with the formed compounds with nano-size, and the suitable XR. 
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Fig. 3.6 Comparison of the photocatalytic activity of the xCr-Ti-Air-yK15h samples.  
(a) Degradation of MB solution, (b) Degradation constant rate. 
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Fig. 3.7 Appearance of the xCr-Ti-Air-yKzh samples fabricated by HT in air. 
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Fig. 3.8 XRD patterns of the xCr-Ti-Air-yKzh samples fabricated by HT in air. 
 
3.3.1.1.2 Influence of HT time in air on photocatalyst coatings 
Appearance.    Fig. 3.7 shows the appearance of the xCr-Ti-Air-yKzh samples 
fabricated by HT in air at 973 K for 3 and 10 h, and 1073 K for 3h, with relative less 
added amount of Cr powder: 0.025%, 0.05%, and 0.3%. In contrast, the appearance of 
the xCr-Ti-Air-yKzh samples is various. With increasing the added amount of Cr powder, 
the color appears brown to light-black at 973 K for 3 h and light-blue to yellow at 1073 
K for 3 h, then light-black to dark-blue at 973 K for 10 h. With increasing the added 
amount of Cr powder, the color of samples obviously changes with different HT 
conditions. 
Formed compounds.    Fig. 3.8 shows XRD patterns of the xCr-Ti-Air-yKzh samples 
fabricated by HT in air for the xCr-Ti coatings. It is difficult to find the peak of 
chromium oxide, which also reported by other researchers [3.8-3.10]. From the 
xCr-Ti-Air-973K3h sample, it shows the peaks of anatase. The intensity of the rutile 
peaks becomes stronger, with increasing the HT temperature from 973 K to 1073 K for 
3 h or extending the HT time from 3 h to 10 h at 973 K. The influence of adding Cr 
powder into Ti powder by MCT on the phase transformation is relatively slight, as 
shown in Fig. 3.8. The change becomes to be obvious until the added amount of Cr 
powder into Ti powder by MCT up to 0.3%, as shown in Table 3.2, which calculated by  
１０１ 
 
Table 3.2 XR of xCr-Ti-Air-yKzh samples. 
 973K/3h 103K/3h 973K/10h 
0 0.5 0.91 0.6 
0.025 0.49 0.9 0.66 
0.05 0.54 0.9 0.67 
0.3 0.6 0.96 0.8 
 
equation (2.2). The change of XR is obvious, especially at the HT temperature of 973 K, 
which may be related with the doped Cr-TiO2 [3.11-3.13]. With the relative low added 
amount of Cr powder into Ti powder by MCT, the substitute for Ti4+ with Cr is too low 
to influent the lattice of the crystal structure, so the change of XR is slight, with the 
added amount of Cr powder into Ti powder by MCT is less than 0.05%. While the 
added amount of Cr powder into Ti powder by MCT up to 0.3%, the relative content of 
Cr is so high to affect the formation of oxygen vacancies, which could cause the phase 
transformation from anatase to rutile [3.12-3.15]. With increasing the HT temperature, 
the change of XR is obvious, while extending the HT time, the change of XR is relative 
slight, compared with increasing the HT temperature. The influence of extending HT 
time or the added amount of Cr powder into Ti powder by MCT on the process of 
crystal growth or phase transformation is remarkable.  
Morphology evolution.    Fig. 3.9 shows the surface morphology evolution of the 
xCr-Ti-Air-yKzh samples, compared with changing the HT conditions and increasing 
the amount of Cr powder into Ti powder by MCT. With increasing the added amount of 
Cr powder into Ti powder by MCT, the granular-like structure increases. While 
increasing the added amount of Cr powder up to 0.3%, the granular-like structure 
obviously grows. The influence of the added amount of Cr powder into Ti powder by 
MCT on the surface structure of xCr-Ti-Air-1073K3h samples is shown in Fig. 3.10. 
The surface structure becomes to be needle-like, with increasing the added amount of 
Cr powder into Ti powder by MCT. While extended the HT time to be 10 h at 973 K, 
Fig. 3.11 shows the change of surface structure, and the size of the structure becomes to 
be too larger, when the added amount of Cr powder into Ti powder by MCT is up to 
0.3%.  
x 
y/z 
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Fig. 3.9 SEM images of surfaces of the xCr-Ti-Air-973K3h samples fabricated by HT in 
air. 
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Fig. 3.10 SEM images of surfaces of the xCr-Ti-Air-1073K3h samples fabricated by HT 
in air. 
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Fig. 3.11 SEM images of surfaces of the xCr-Ti-Air-1073K3h samples fabricated by HT 
in air. 
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Fig. 3.12 SEM images of cross sections of the xCr-Ti-Air-973K10h samples fabricated 
by HT in air. 
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Fig. 3.13 Degradation rate constant of the xCr-Ti-Air-yKzh samples fabricated by HT in 
air. 
 
Fig. 3.12 shows the cross sections of the xCr-Ti-Air-yKzh samples. The oxidized 
layer grows from about 2 μm (Fig. 3.12a) to about 5 μm (the added amount of Cr 
powder into Ti powder by MCT is 0.3%), which hints that adding Cr powder into Ti 
powder by MCT could influent on the crystal growth. 
 
Photocatalytic activity.    The photocatalytic activity of the xCr-Ti-Air-yKzh samples 
has been investigated by degradation of MB solution under UV and visible light 
irradiation, as shown in Fig. 3.13. The trend of the degradation rate firstly increases and 
then decreases with increasing the added amount of Cr powder into Ti powder by MCT, 
under different HT conditions. While changed the HT temperature (Fig. 3.13b) or the 
HT time (Fig. 3.13c), the photocatalytic activity both firstly increase, then decrease with 
adding higher amount of Cr powder into Ti powder by MCT. The synergistic effect of 
anatase and rutile could play another role to enhance the photocatalytic activity [3.16, 
3.17]. The recombination between electron and hole could be suppressed by the charge 
transfer of between the phases [3.18-3.20]. Besides the synergistic effect of anatase and 
rutile, the possible doped Cr could be another factor to enhance the photocatalytic 
activity [3.21].  
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Fig. 3.14 Degradation constant rate of the photocatalytic activity of the samples 
fabricated by multi-HT. (a) 0.025%Cr-Ti-Air-973K15h,  
(b) 0.025%Cr-Ti-C1073K2h/Air-973K15h, (c) 0.025%Cr-Ti-C1173K2h/Air-973K15h, 
(d) 0.025%Cr-Ti-C1273K2h/Air-973K15h. 
3.3.1.2 Photocatalyst coatings fabricated by multi-HT 
Based on the results of photocatalyst coatings fabricated by multi-HT for Ti 
coatings, it will study on the influence of multi-HT for the 0.025%Cr-Ti coatings, which 
includes HT in carbon powder/HT in air, and HT in air/HT in carbon powder. Because 
the change of appearance, XRD pattern, and surface morphologies is very slight, it will 
only focus on the photocatalytic activity of photocatalyst coatings. 
Photocatalytic activity.    The photocatalytic activity of the samples fabricated by 
multi-HT (HT in carbon powder/HT in air) has been investigated by degradation of MB 
solution under UV and visible light irradiation. The HT conditions of HT in carbon 
powder is 1073 K, 1173 K, 1273 K for 2h, while the HT conditions of HT in carbon 
powder is 973 K and 1073 K for 15 h. Fig. 3.14 shows the degradation rate of the 
0.025Cr-Ti-C-xK2h/Air-973K15h samples. The influence of the HT temperature during 
HT in carbon powder is obvious. The photocatalytic activity shows highest, when the 
HT temperature is 1073 K by HT in carbon powder. While changing the HT 
temperature during HT in air to 1073 K, Fig. 3.15 shows that the influence of the HT 
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conditions during HT in carbon powder on the photocatalytic activity of the 
0.025Cr-Ti-C-xKyh/Air-1073K15h samples. The influence of the HT temperature by 
HT in carbon powder is obvious, compared with the degradation rate from Fig. 3.15a-c. 
While shortening the HT time to 0.5 h, the degradation rate becomes decrease from Fig. 
3.15d. 
Based on the results of the samples fabricated by the above two kinds of multi-HT 
for the xCr-Ti coatings, the enhancement of the combination of two kinds of multi-HT 
on photocatalytic activity has been investigated, as shown in Fig. 3.16a and b. The 
enhancement of adding Cr on the photocatalytic activity is slight. While decreasing the 
HT temperature during HT in air of the multi-HT process, the photocatalytic activity 
decreases obviously, as shown in Fig. 3.16b-d. 
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Fig. 3.15 Degradation constant rate of the photocatalytic activity of the samples 
fabricated by multi-HT. (a) 0.025%Cr-Ti-Air-1073K15h,  
(b) 0.025%Cr-Ti-C973K2h/Air-1073K15h, (c) 0.025%Cr-Ti-C1073K2h/Air-1073K15h, 
(d) 0.025%Cr-Ti-C1073K0.5h/Air-1073K15h.  
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Fig. 3.16 Degradation constant rate of the photocatalytic activity of the samples 
fabricated by multi-HT. (a) Ti-C1073K2h/Air-1073K15h/C973K0.5h,  
(b) 0.025%Cr-Ti-C1073K2h/Air-1073K15h/C973K0.5h,  
(c) 0.025%Cr-Ti-C1073K2h/Air-1023K15h/C973K0.5h,  
(d) 0.025%Cr-Ti-C1073K0.5h/Air-973K15h/C973K0.5h.    
 
3.3.2 Study on composite photocatalyst coatings using Ti and V powders 
3.3.2.1 Photocatalyst coatings fabricated by HT in air 
3.3.2.1.1 Influence of the added amount of V powder on photocatalyst coatings 
Appearance.    Fig. 3.17 shows the appearance of the xV-Ti-Air-1073K15h samples 
fabricated by HT in air at 1073 K for 15 h for the V-Ti coatings, with the added amount 
of V: 0.025% 0.05%, and 2%. Fig. 3.17a shows that the color of the xV-Ti samples with 
highest added amount of V powder (2%V-Ti) appears metallic, which is similar to that 
of the Ti coatings [3.5]. It means that the influence of adding V on the coating process is 
slight. In contrast, the xV-Ti-Air-1073K15h samples appear various colors with 
increasing the added amount of V powder, which are light-yellow with 0.025% V, and 
yellow with 0.05% V, then light-brown with 2% V.  
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Fig. 3.17 Appearance of the xV-Ti-Air-1073K15h samples fabricated by HT in air.  
(a) 2%V-Ti, (b) 0.025%V-Ti-Air-1073K15h, (c) 0.05%V-Ti-Air-1073K15h, (d) 
2%V-Ti-Air-1073K15h. 
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Fig. 3.18 XRD patterns of the xV-Ti-Air-1073K15h samples fabricated by HT in air.  
 
Formed compounds.    Fig. 3.18 shows XRD patterns of the xV-Ti-Air-1073K15h 
samples. From the 2%V-Ti, only Ti peaks could be found. The main diffraction peaks of 
rutile TiO2 are detected from the xV-Ti-Air-1073K15h sample, and the peak of V2O5 
shows until the added amount of V powder up to 2%. It is difficult to find the peak of 
vanadium oxide from the xV-Ti-Air-1073K15h samples when the added amount of V  
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Fig. 3.19 SEM images of surfaces of the xV-Ti-Air-1073K15h samples fabricated by 
HT in air. (a) 2%V-Ti, (b) 0.025%V-Ti-Air-1073K15h, (c) 0.05%V-Ti-Air-1073K15h, 
(d) 2%V-Ti-Air-1073K15h. 
 
 
powder is lower than 2%. The results hint that vanadium oxide was highly dispersed 
and its size was too small to be detected, when the added amount of V powder is 
0.025% and 0.05%. 
Fig. 3.20 shows the cross sections of the xV-Ti-Air-1073K15h samples. Compared 
with the cross sections of the Ti coatings [3.5], it has hardly found any difference from 
the 2%V-Ti sample, as shown in Fig. 3.19a. The oxidized layer of the samples is about 
20 μm, with adding V is 0.025% and 0.05%, as shown in Fig. 3.19b, c. While the added 
amount of V powder is 2%, the oxidized layer of the samples is more than 100 μm, 
which indicates that adding V could accelerate the growth of the oxidized layer, with a 
suitable added amount of V powder. 
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Fig. 3.20 SEM images of cross sections of the xV-Ti-Air-1073K15h samples fabricated 
by HT in air. (a) 2%V-Ti, (b) 0.025%V-Ti-Air-1073K15h, 
(c) 0.05%V-Ti-Air-1073K15h, (d) 2%V-Ti-Air-1073K15h. 
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Fig. 3.21 Degradation rate constant of the xV-Ti-Air-1073K15h samples fabricated by 
HT in air. (a) Ti-Air-1073K15h, (b) 0.025%V-Ti-Air-1073K15h,  
(c) 0.05%V-Ti-Air-1073K15h, (d) 2%V-Ti-Air-1073K15h. 
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Photocatalytic activity.    The photocatalytic activity of the xCr-Ti-Air-1073K15h 
samples has been investigated by degradation of MB solution under UV and visible 
light irradiation, as shown in Fig. 3.21. The trend of the degradation rate decreases with 
increasing the added amount of V powder. It might be caused by the formed compounds 
and the surface structure. With adding 2% V, the photocatalytic activity is too low to be 
defected, as shown in Fig. 3.21d, which may be related to the formed V2O5 on the 
surface (Fig. 3.18 and Fig. 3.19). 
3.3.2.1.2 Influence of HT temperature in air on photocatalyst coatings 
Appearance. Fig. 3.22 shows the appearance of the 0.025%V-Ti-Air-yK15h samples. 
After HT in air at different temperature for 15 h, the 0.025%V-Ti-Air-yK15h samples 
appear various colors, with increasing the temperature from 973 to 1073 K. The color 
appears dark-blue at 973 K, grey at 1023 K, and light-yellow at 1073 K. The influence 
of the HT temperature on appearance of the 0.025%V-Ti-Air-yK15h samples is similar 
to that of the Ti-Air-yK15h samples (without adding V). It hints that the HT temperature 
plays a key role on appearance, compared with adding V.  
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Fig. 3.22 Appearance of the xV-Ti-Air-1073K15h samples fabricated by HT in air.  
(a) 0.025%V-Ti-Air-973K15h, (b) 0.025%V-Ti-Air-1023K15h,  
(c) 0.025%V-Ti-Air-1073K15h. 
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Fig. 3.23 XRD patterns of the 0.025%V-Ti-Air- yK15h samples fabricated by HT in air.  
 
Formed compounds.    Fig. 3.23 shows XRD patterns of the 0.025%V-Ti-Air-yK15h 
samples, compared with the HT temperature: 973 K, 1023 K, and 1073 K. The influence 
of HT temperature on the formed compounds of the samples is obvious. After HT in air 
at 1073 K for 15 h, the 0.025%V-Ti-Air-1073K15h sample clearly shows that the main 
peaks are rutile TiO2. With decreasing the temperature to 1023 K, the crystal of the 
0.025%V-Ti-Air-1023K15h sample shows relative slight peaks of anatase TiO2 and 
rutile TiO2. While the 0.025%V-Ti-Air-973K15h sample shows mixed-phase of rutile 
TiO2 and anatase TiO2, and the relative intensity of anatase peaks becomes strong. It hints 
that increasing the HT temperature could accelerate the phase transformation from 
anatase to rutile. 
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Fig. 3.24 SEM images of surfaces of the 0.025%V-Ti-Air-yK15h samples fabricated by 
HT in air. (a) 0.025%V-Ti-Air-973K15h, (b) 0.025%V-Ti-Air-1023K15h,  
(c) 0.025%V-Ti-Air-1073K15h. 
 
Morphology evolution.    Fig. 3.24 shows the surface morphology evolution of the 
0.025%V-Ti-Air-yK15h samples. The formed compounds could be found from the 
0.025%Cr-Ti-Air-yK15h samples. With increasing the HT temperature, the size of the 
formed compounds increase in number, and grow from bump structure at 973 K, to 
columnar structure at 1073 K. The change hints that the HT temperature could 
significantly accelerate the growth of the formed compounds on the surface.  
Fig. 3.25 shows the cross sections of the 0.025%V-Ti-Air-yK15h samples. The 
oxidized layer is difficult to be detected from the 0.025%V-Ti-Air-973K15h sample. At 
the HT temperature of 1023 K, the oxidized layer is about 5 μm and could be found 
from the 0.025%V-Ti-Air-1023K15h sample. At the HT temperature of 1073 K, the 
growth of layer is remarkable, and the thickness of the oxidized layer is about 24 μm. 
The change of the oxidized layer hints that the HT temperature could significantly 
accelerate the growth of the oxidized layer. 
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Fig. 3.25 SEM images of cross sections of the 0.025%V-Ti-Air-yK15h samples 
fabricated by HT in air. (a) 0.025%V-Ti-Air-973K15h, (b) 0.025%V-Ti-Air-1023K15h,  
(c) 0.025%V-Ti-Air-1073K15h. 
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Fig. 3.26 Degradation rate constant of the 0.025%V-Ti-Air-yK15h samples fabricated 
by HT in air. (a) 0.025%V-Ti-Air-973K15h, (b) 0.025%V-Ti-Air-1023K15h,  
(c) 0.025%V-Ti-Air-1073K15h. 
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Fig. 3.27 Appearance of the 0.025%V-Ti-Air-1073Kzh samples fabricated by HT in air. 
(a) 0.025%V-Ti-Air-1073K3h, (b) 0.025%V-Ti-Air-1073K10h,  
(c) 0.025%V-Ti-Air-1073K15h. 
 
Photocatalytic activity.    The photocatalytic activity of the 0.025%V-Ti-Air-yK15h 
samples has been investigated by degradation of MB solution under UV and visible light 
irradiation, as shown in Fig. 3.26. Compared with that of the Ti-Air-1073K15h sample, 
the photocatalytic activity decreases with adding V at the different temperatures. With 
increasing the HT temperature, the photocatalytic activity of the xCr-Ti-Air-yK15h 
samples decreases, which might be caused by the formed compounds (anatase, rutile), 
the suitable XR, and surface structure. 
3.3.2.1.3 Influence of HT time in air on photocatalyst coatings 
Appearance.    Fig. 3.27 shows the appearance of the 0.025%V-Ti-Air-1073Kzh 
samples fabricated by HT in air at 1073 K for 3, 10 and 15 h, with 0.025% V. In general, 
the influence of extending the HT time on appearance of the 0.025%V-Ti-Air-1073Kzh 
samples is remarkable, which are blue at 1073 K for 3 h, and grey with 10 h, then 
light-yellow with 15 h. 
 
Formed compounds.   Fig. 3.28 shows XRD patterns of the 0.025%V-Ti-Air-1073Kzh 
samples. From the 0.025%V-Ti-Air-1073K3h sample, it shows the formed compounds 
with mixed-phase of anatase and rutile TiO2 on the surface of Ti coatings. With 
extending the HT time to 10 h, the diffraction peaks of anatase become lower, and the 
peaks of rutile become higher. While extending the HT time to 15 h, the peaks of rutile 
become main and anatase are hardly to be found. The result shows the effect on the 
phase transformation is remarkable, with extending the HT time from 3 h to 15 h. 
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Fig. 3.28 XRD patterns of the 0.025%V-Ti-Air-1073Kzh samples fabricated by HT in 
air. 
Morphology evolution.    Fig. 3.29 shows the surface morphology evolution of the 
0.025%V-Ti-Air-1073Kzh samples, compared with extending the HT time. In general, it 
shows the significant change of surface structure, with extended the HT time at 1073 K. 
From Fig. 3.29a, the surface structure of the 0.025%V-Ti-Air-1073K3h sample is with 
needle-like structure. The surface structure of the 0.025%V-Ti-Air-1073K10h sample 
grows larger, as shown in Fig. 3.29b. While extended the HT time to 15 h, Fig. 3.29c 
shows the columnar structure. Considering the changes of surface structure and phase 
transformation, it could drew the conclusion that the relationship between phase 
transformation from anatase to rutile and the crystal size is obvious [3.16, 3.17]. Fig. 
3.30 shows the cross sections of the 0.025%V-Ti-Air-1073Kzh samples. The change of 
the thickness of the oxidized layer is remarkable, with extending the HT times at 1073 
K. The oxidized layer grows from about 5 μm of the 0.025%V-Ti-Air-1073K3h sample, 
to be about 17 μm of the 0.025%V-Ti-Air-1073K10h and 0.025%V-Ti-Air-1073K15h 
samples. The change of the thickness of the oxidized layer indicates that extending the 
HT time could accelerate the growth of the formed compounds, confirmed with the 
evolution of the surface and cross sectional structure. 
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Fig. 3.29 SEM images of surfaces of the 0.025%V-Ti-Air-1073Kzh samples fabricated 
by HT in air. (a) 0.025%V-Ti-Air-1073K3h, (b) 0.025%V-Ti-Air-1073K10h,  
(c) 0.025%V-Ti-Air-1073K15h. 
(c)
(b)(a)
200 μm
 
Fig. 3.30 SEM images of cross sections of the 0.025%V-Ti-Air-1073Kzh samples 
fabricated by HT in air. (a) 0.025%V-Ti-Air-1073K3h, (b) 0.025%V-Ti-Air-1073K10h,  
(c) 0.025%V-Ti-Air-1073K15h. 
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Fig. 3.31 Degradation rate constant of the 0.025%V-Ti-Air-1073Kzh samples fabricated 
by HT in air. (a) 0.025%V-Ti-Air-1073K3h, (b) 0.025%V-Ti-Air-1073K10h,  
(c) 0.025%V-Ti-Air-1073K15h. 
 
Photocatalytic activity.    The photocatalytic activity of the 0.025%V-Ti-Air-1073Kzh 
samples has been investigated by degradation of MB solution under UV and visible 
light irradiation, as shown in Fig. 3.31. The photocatalytic activity decreases with 
extending the HT time at 1073 K. The influence of the HT time on the photocatalytic 
activity of the samples may be attributed to the three reasons: the formed compounds, 
phase transformation, and surface structure. 
 
3.4 Conclusions 
In this chapter, we had studied to fabricate photocatalyst composite coatings via 
different HT processes with various conditions for M-Ti coatings, which was fabricated 
by MCT with M (Cr and V) and Ti powders. The results are summarized and shown as 
follows. 
(1) Fabrication of the M-Ti coatings: The M-Ti coatings had been successfully formed 
on the surface of Al2O3 balls with adding M (Cr and V) powder into Ti powder by MCT.  
(2) HT in air for the Cr-Ti coatings: The photocatalyst composite coatings had been 
formed on the surface of Cr-Ti coatings under different HT temperature and time. With 
increasing the HT temperature, the influence on XR, surface morphology, and 
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photocatalytic activity is remarkable. While extending the HT time at each temperature, 
the influence is relative slight. 
(3) Multi-HT for the Cr-Ti coatings: The influence of HT in carbon powder during 
multi-HT on photocatalytic activity of the photocatalyst coatings is remarkable. The 
photocatalytic activity shows highest, when the HT in carbon powder at 1073 K for 2 h. 
(4) HT in air for the V-Ti coatings: The photocatalyst composite coatings had been 
formed on the surface of V-Ti coatings with different HT temperature and time. With 
increasing the added amount of V powder, the photocatalytic activity decreases, at each 
HT conditions. 
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Chapter 4. Study on photocatalyst coatings using Ti and carbon 
powders 
 
4.1 Background and aim 
The introduction of a dopant in the TiO2 lattice could influent on the electronic 
band edges or generates impurity states in the band gap of the TiO2. Recently, the doped 
TiO2 is attracting considerable interest, as a promising approach to extend the light 
absorption to the visible light region. This would narrow the band gap, and enhance the 
photocatalytic activity of photocatalyst. Recently, among nonmetal elements doped TiO2, 
carbon (C) has been extensively studied to enhance the photocatalytic activity of TiO2. 
A number of studies report C-doped TiO2 absorption properties in the visible light 
region. C-doped TiO2 powders and coatings have been obtained through various 
synthetic routes [4.1-4.4]. The C-doped TiO2 shows a fundamental optical absorption in 
the visible light region, and its band gap is lower than that of pure TiO2. 
Mesoporous materials have been intensively studied with regard to technical 
applications as catalysts and/or catalyst supports, owing to their unprecedented intrinsic 
structural features. Mesoporous catalyst could be a perfect candidate in order to enhance 
catalytic activity due to excellent textural properties such as high surface area, large 
pore diameter and large pore volume [4.5-4.7]. Developing mesoporous TiO2 is a 
well-established method for enhancing the performance. For example, the mesoporous 
hollow-structured rutile TiO2 can manifest superior lithium storage properties in terms 
of high specific capacity, long-term cycling stability, and excellent rate capability [4.8]. 
The incorporation of conductive secondary phases also could improve the rate 
capability of TiO2. Especially, graphene shows extremely improving the rate capability 
and cycle performance of TiO2, because of its unique characteristics including superior 
electronic conductivity, high surface area, and excellent mechanical flexibility  
[4.9-4.11]. 
In this chapter, carbon powder is expected to enhance the photocatalytic activity of 
photocatalyst coatings. Carbon powder has been added into Ti powder by MCT to form 
the carbon-Ti coatings. After the subsequent HT in air, the carbon powder in the 
carbon-Ti coatings would be reacted with oxygen to form oxocarbon, then reacted with 
Ti to form carbon-TiO2 or carbon oxide, under high temperature. In other words, the 
place of carbon powder in the carbon-Ti coatings would be empty after HT in air to 
form the porous structure, or carbon doped in TiO2 to narrow the band gap. 
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4.2. Experimental 
4.2.1. Source materials and experimental equipments 
Ti and carbon powders were used as the coating materials. Also, Al2O3 balls were 
used as the substrates. A planetary ball mill was used to perform mechanical coating 
operation. The relevant parameters of the source materials are listed in Table 4.1.  
Table 4.1 Source materials of powders and Al2O3 balls. 
Raw materials Diameter (μm) Purity (%) Manufacturers 
Ti powder about 35  99.10 Osaka Titanium Technology 
Carbon powder about 150 - Kishu Charcoal 
Al2O3 ball about 1000 98.50 Nikkato Corporation 
4.2.2 Fabrication of the carbon-Ti coatings by MCT 
Firstly, the Ti and carbon powders will charge into an alumina pot. Then the 
alumina pot will be locked into the ball mill machine. The milling operation was carried 
out at 480 rpm for 10 h from the start of the milling operation, with a 10-minute milling 
operation followed by a 2-minute cooling interval. After the coating operation by MCT, 
the carbon-Ti coatings will form on the Al2O3 balls. The prepared coatings were labeled 
as “xC-Ti”, indicating that the samples prepared by mixed Ti and carbon powders, with 
x being the mass fraction of carbon powder by MCT.  
4.2.3 Fabrication of photocatalyst coatings by HT in air 
The prepared carbon-Ti coatings were fabricated by HT in air with various 
conditions using an electric furnace. The HT conditions are at 973 K for 15 h, and 1073 
K for 10 h and 15 h. 
4.2.4 Characterization 
The crystal structure of the prepared samples was analyzed using an X-ray 
diffraction (XRD, D8 Advance, Germany) equipped with Cu-Kα radiation at 40 kV and 
40 mA, at a scanning rate of 0.02° s-1. The surface morphology and elemental 
composition analysis were examined by scanning electron microscopy (SEM, 
JSM-5300). 
Photocatalytic activity was evaluated by measuring the degradation rate of 
methylene blue (MB) solution (C0: 10 μmol/L, 35 mL) under UV and visible-light 
irradiation at room temperature. Firstly, the prepared samples were dried under UV light 
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(FL20S BLB, Toshiba) for 24 h, and adsorption of MB solution (20 μmol/L, 35 mL) 
was carried out in the dark for 18 h. Two 20 W fluorescent lamps (NEC FL20SSW/18) 
were used as the irradiation source (irradiance of 5000 lx), and a UV cut-off filter (L42, 
Hoya) was used to ensure that only visible light (λ > 420 nm) could reach the samples. 
The degradation rate constant k (nmol L-1 min-1) of MB solution concentration versus 
irradiation time was calculated by the least squares method with the data. Also, here use 
R value to describe the difference of the degradation rate constants k. 
4.3 Results and discussion 
4.3.1 Influence of the added amount of carbon powder on the carbon-Ti coatings 
Appearance.    Fig. 4.1 shows the appearance of the xC-Ti samples fabricated by 
MCT at 480 rpm for 10 h. When the added amount of carbon powder is lower than 2%, 
it can be seen that the appearance is similar to that of Ti coatings (Fig. 4.1a), and the 
color is metallic. In the case of the 3%C-Ti sample, the color shows light-grey and the 
whole appearance shows a bump-like (Fig. 4.1d). When the added amount of carbon 
powder is up to 4%, the color shows grey. 
 
Formed compounds.    Fig. 4.2 shows the XRD patterns of the xC-Ti samples 
fabricated by MCT. It can be seen that only Ti peaks are detected from Ti coatings (the 
0%C-Ti sample). The diffraction peaks of the xC-Ti samples show significant changes, 
with increasing the added amount of carbon powder. When the added amount of carbon 
powder is lower than 3%, the main peaks are from Ti. In the case of the 3%C-Ti sample, 
XRD intensity of the Ti peaks decrease and the Al2O3 peaks become obvious. When the 
added amount of carbon powder is up to 4%, the Al2O3 peaks become stronger, as the 
4%C-Ti coatings become thinner. 
(a) 0% (b) 1% (c) 2% (d) 3% (e) 4%
1 mm
 
Fig. 4.1 Appearance of the xC-Ti samples by MCT. 
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Fig. 4.2 XRD patterns of the xC-Ti samples fabricated by MCT. 
 
Morphology evolution.    The surface morphology of the xC-Ti samples is shown in 
Fig. 4.3. In general, a change of the surface morphology is evident, with increasing the 
added amount of carbon powder. Compared with that of Ti coatings (Fig. 4.3a), it 
shows some bump-like structure from the samples of 1%C-Ti and 2%C-Ti. In the case 
of the 3%C-Ti sample, the whole appearance shows a mountain-like structure (Fig. 
4.3d), and some areas are without coatings, as shown in the red circle. For the 4%C-Ti 
sample, the whole appearance becomes smoother, and the size of the whole appearance 
becomes smaller. Taking into account the XRD results, the size change of the 4%C-Ti 
sample might relate to the thickness of the formed coatings. This indicates that carbon 
powder is difficult to be coated on Al2O3 balls than that of Ti powder, and the influence 
of the added amount of C powder on the coating formation of Ti coating is remarkable. 
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Fig. 4.3 SEM images of surface structure of the xC-Ti samples fabricated by MCT. 
 
(a) 0% (b) 1% (c) 2%
(d) 3% (e) 4%
200 μm
 
Fig. 4.4 SEM images of cross section of the xC-Ti samples fabricated by MCT. 
 
Fig. 4.4 further shows the influence of the added amount of carbon powder on the 
cross sections of the xC-Ti samples, and the change of the thickness is obvious. 
Compared with Ti coatings, the change of the thickness is slight from the 1%C-Ti 
sample. In the case of the 2%C-Ti sample, the thickness of the coatings becomes thinner 
obviously, and its uniformity becomes worse (Fig. 4.3c). For the samples of 3%C-Ti 
and 4%C-Ti, the coatings become discontinuity, which indicates that the added amount 
of carbon powder is too higher. 
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Fig. 4.5 Appearance of the xC-Ti-Air-1073K15h samples by HT in air 
 
4.3.2 Influence of added amount of carbon powder and HT conditions on the 
photocatalyst coatings 
4.3.2.1 Influence of the added amount of carbon powder on photocatalyst coatings 
Appearance.    Fig. 4.5 shows the appearance of the xC-Ti-Air-1073K15h samples 
fabricated by HT in air at 1073 K for 15 h. In general, the color change of the 
appearance of the samples is remarkable, with increasing the added amount of carbon 
powder. In the case of the 1%C-Ti-Air-1073K15h sample (Fig. 4.5b), the appearance is 
similar to that of the Ti-Air-1073K15h sample (Fig. 4.5a), and the color is light-white. 
When the added amount of carbon powder is up to 2%, the color is light-blue. From the 
3%C-Ti-Air-1073K15h sample, the color is grey with some white area. In the case of 
the 4%C-Ti-Air-1073K15h sample (Fig. 4.5e), the appearance is white, and the size is 
smaller, because the thickness of the 4%C-Ti sample is too thinner. 
Formed compounds.    Fig. 4.6 shows the XRD patterns of the xC-Ti-Air-1073K15h 
samples fabricated by HT in air. It can be seen that only the peaks of rutile TiO2 are 
detected from the 0%C-Ti-Air-1073K15h sample. With the added amount of carbon 
powder, the diffraction peaks of the xC-Ti-Air-1073K15h samples show slight change, 
until the added amount of carbon powder is up to 3%. When the added amount of 
carbon powder is lower than 3%, the main peaks are from rutile TiO2. In the case of the 
3%C-Ti sample, XRD intensity of the TiO2 peaks decrease and the Al2O3 peaks become 
obvious. When the added amount of carbon powder is up to 4%, the Al2O3 peaks 
become the main, as the coatings of 4%C-Ti-Air-1073K15h is too thin. 
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Fig. 4.6 XRD patterns of the xC-Ti-Air-1073K15h samples fabricated by HT in air. 
 
5 μm
(a) 0% (b) 1% (c) 2%
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Fig. 4.7 SEM images of surface structure of the xC-Ti-Air-1073K15h samples 
fabricated by HT in air. 
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Morphology evolution.    The surface morphology of the xC-Ti-Air-1073K15h 
samples is shown in Fig. 4.7. In general, a change of the surface morphology is evident, 
with increasing the added amount of carbon powder. Compared with the sample without 
adding carbon powder (Fig. 4.7a), it shows some fiber-like structure from the 
1%C-Ti-Air-1073K15h sample. When the added amount of carbon powder is higher 
than 1%, the surface morphology shows columnar structure, which is similar to that of 
without adding carbon powder. However, some areas of the whole appearance are 
without coatings (Fig. 4.7c-e). This indicates that the presence of carbon powder in the 
xC-Ti coatings could accelerate the growth of the oxidation process, and the influence 
of the added amount of carbon powder during HT in air is remarkable. 
60 μm
200 μm 200 μm 200 μm
60 μm
(a) 0% (b) 1% (c) 2%
(d) 3% (e) 4%
 
Fig. 4.8 SEM images of cross sections of the xC-Ti-Air-1073K15h samples fabricated 
by HT in air. 
 
Fig. 4.8 further shows the influence of the added amount of carbon powder on the 
cross sections of the xC-Ti-Air-1073K15h samples, and the thickness change of the 
oxidized layer is obvious. Compared with the Ti-Air-1073K15h sample (Fig. 4.8a), the 
change of the thickness is slight from that with 1% of carbon powder. In the case with 
1% of carbon powder, the thickness of the coatings becomes thinner obviously, and its 
uniformity becomes worse (Fig. 4.8c). For the samples of 3%C-Ti and 4%C-Ti, the 
coatings become discontinuity, which indicates that the added amount of carbon powder 
is too higher. 
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Fig. 4.9 Degradation constant rate of the xC-Ti-Air-1073K15h samples. 
 
Photocatalytic activity.    The photocatalytic activity of the xC-Ti-Air-1073K15h 
samples was evaluated by degradation of MB solution under UV and visible light 
irradiation at room temperature, as shown in Fig. 4.9. In general, the trend of the 
degradation rate firstly increases and then decreases with increasing the added amount 
of carbon powder. Compared with the sample without carbon powder, the enhancement 
on photocatalytic activity is remarkable, when the added amount of carbon powder is 
1%. It could be related to the formed fiber-like structure on the surface of the 
1%C-Ti-Air-1073K15h sample (Fig. 4.7b). When the added amount of carbon powder is 
higher than 1%, the photocatalytic activity obviously decreases. It might be related to 
the discontinuous coatings on the surface (Fig. 4.7c-e).  
 
4.3.2.2 Influence of HT conditions in air on photocatalyst coatings 
Based on the results of photocatalyst coatings fabricated by HT with different 
conditions for Ti coatings, it will study on the influence of the HT temperature and time 
for the xC-Ti coatings, with 1% and 2% of carbon powder. Because the change of 
appearance, XRD pattern, and surface morphologies is very slight, it will only focus on 
the photocatalytic activity of photocatalyst coatings. 
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Fig. 4.10 Degradation constant rate of the xC-Ti-Air-1073K10h samples. 
 
Photocatalytic activity.    The photocatalytic activity of the samples fabricated by HT 
in air at 1073 K for 10 h, has been investigated by degradation of MB solution under 
UV and visible light irradiation. Fig. 4.10 shows the degradation rate of the 
xC-Ti-Air-1073K10h samples. The influence of the added amount of carbon powder is 
slight, and the degradation rate firstly increases and then decreases with increasing the 
added amount of carbon powder. While changing the HT condition to 973 K for 15 h, 
the influence on the photocatalytic activity of the xC-Ti-Air-973K15h samples has been 
investigated and shown in Fig. 4.11. The influence of the HT temperature is similar to 
that at 1073 K. Therefore, it could draw the conclusion that adding carbon powder could 
enhance the photocatalytic activity of the photocatalyst coatings, and the added amount 
of carbon powder is the key factor on the enhancement. 
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Fig. 4.11 Degradation constant rate of the xC-Ti-Air-973K15h samples. 
 
4.4 Conclusions 
In this chapter, we had studied the influence of the added amount of carbon powder 
on fabricating photocatalyst coatings by MCT using carbon and Ti powders, and HT in 
air. The results are summarized and shown as follows. 
(1) Fabrication of the carbon-Ti coatings: The carbon-Ti coatings had been successfully 
formed on the surface of Al2O3 balls by MCT using carbon and Ti powders. The 
influence of the added amount of the carbon powder on the coating formation is 
remarkable. The carbon-Ti coatings are discontinuous, when the added amount of 
carbon powder is higher than 3%. 
(2) HT in air for the carbon-Ti coatings: The photocatalyst coatings had been formed on 
the surface of carbon-Ti coatings under different HT temperature and time. With 
increasing the added amount of the carbon powder, the influence on formed compounds, 
surface morphology, and photocatalytic activity is remarkable. While changing the HT 
conditions, the influence is relative slight. 
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Chapter 5. Study of photocatalyst coatings by heat treatment (HT) 
processes for TiC coatings 
 
5.1 Background and aim 
For a desirable way to solve energy and environmental issues, the inexpensive 
catalysts with visible-light activity are strongly required, that directly harvest energy 
from solar light [5.1, 5.2]. During the past 40 years, the most widely used material for 
photocatalytic applications is TiO2, because of its good stability, low cost and high 
photocatalytic activity [5.3-5.5]. However, the photocatalytic activity of TiO2 is usually 
limited by its wide band gap (> 3 eV) and the recombination between electrons and 
holes [5.5-5.7]. Therefore, a number of research has been devoted to the enhancement 
of the visible-light absorption of TiO2, mainly by narrowing the band gap via doping 
elemental or introducing oxygen vacancy, and sensitizing with precious metals or 
semiconductors to form the heterojunction photocatalysts [5.8-5.12]. However, dopants 
could give rise to the formation of recombination centers, yield valence band holes, and 
reactive oxygen species [5.13-5.15]. Hence, much effort has been dedicated to the 
formation of oxygen vacancies into the lattice of TiO2, in order to narrow the band gap 
[5.16-5.18]. In addition, the heterojunction photocatalysts are usually with the aid of 
charge transfer, and have been successfully reported for several combinations of 
photocatalysts, with greater potential for use under visible light for water splitting 
[5.19-5.22]. 
The need for active, stable, and inexpensive catalysts and solar energy has 
stimulated interest in the development of suitable supports that can decrease the use of 
precious metals, without compromising the activity. Transition-metal carbides exhibit 
chemical stability and catalytic activity, and their surface has been proposed as excellent 
support for the dispensability. Transition-metal carbides also often show chemical and 
electronic properties similar to those of Pt-group metals [5.23, 5.24]. Among different 
transition-metal carbides, titanium carbide (TiC) has attracted much interest because of 
its superior chemical stability. Moreover, as a catalyst support, TiC has been reported to 
enhance the activity of catalyst [5.25-5.29]. 
Herein, based on the successful fabricated the photocatalyst coatings by HT in 
carbon for Ti coatings in Chapter 2 [5.30], it was aimed in the photocatalyst coatings 
fabricated by HT in carbon for TiC coatings to increase the visible light absorption and 
enhance the photocatalytic activity under visible light irradiation.  
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Table 5.1 Source materials of powders and Al2O3 ball. 
Raw materials Diameter (μm) Purity (%) Manufacturers 
TiC powder about 2-5  99.10 Yakukensha co. ltd. 
Carbon powder about 150  - Kishu charcoal 
Al2O3 ball about 1000 98.50 Nikkato Corporation 
 
5.2 Experimental 
5.2.1 Source materials and experimental equipments 
TiC powder were used as the coating materials and Al2O3 balls were used as the 
substrates, respectively. A planetary ball mill (Type: P6, Fritsch) was used to perform 
mechanical coating operation. The prepared TiC coatings were fabricated by HT with 
various conditions using an electric furnace (HPM-1G, As one, Japan). The relevant 
parameters of the source materials are listed in Table 5.1. 
5.2.2 Fabrication of TiC coatings by MCT 
The TiC powder and Al2O3 balls were put into the alumina bowl. The milling 
operation was conducted by MCT at 480 rpm for 10 h. The TiC coatings were fabricated 
after 10 h, and named as "TiC coatings". 
5.2.3 Fabrication of photocatalyst coatings by HT in carbon and HT in air 
The prepared TiC coatings were conducted by HT in carbon powder at 937, 1073, 
1173, and 1273 K for 2 and 15 h, and named as "TiC-C-xKyh". For comparison, the 
prepared TiC coatings were also conducted by HT in air at 1073, 1173, and 1273 K for 2 
and 15 h, and named as "TiC-Air-xKyh". The details of the HT in carbon powder and 
HT in air has described in Chapter 2. 
5.2.4 Characterization  
The formed compounds of the samples were analyzed by an X-ray diffraction 
(XRD, D8 Advance) equipped with Cu-Kα radiation at 40 kV and 40 mA, employing a 
scanning rate of 0.02° s-1. The surface morphology was examined by scanning electron 
microscopy (SEM, JSM-5300). The UV-visible absorption spectra were measured with 
a scanning UV-vis spectrophotometer (UV-vis, Lambda 950). Photoluminescence (PL) 
emission and excitation were obtained with a fluorometer (PL, F-4600) with an 
excitation wavelength 465 nm. The reactive oxygen species •OH was detected using a 
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JES FA200 electron spin resonance spectrometer (ESR, JES FA200, JEOL) with a 250 
W short arc mercury lamp (ER 203 UV system) as the irradiation light source, with the 
free radical trapper of DMPO (50 mM, 0.2 mL). The spectra of O 1s, Ti 2p and C 1s 
were analyzed by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi). 
5.3 Results and discussion 
5.3.1 Comparison of photocatalyst coatings fabricated by HT in air and HT in carbon 
powder 
Appearance and formed compounds.    Fig. 5.1 shows the appearance and XRD 
patterns of the samples of TiC-C-1073K15h and TiC-Air-1073K15h. The 
TiC-C-1073K15h sample is mixed phase of rutile TiO2 and TiC, and appears black. 
While the TiC-Air-1073K15h sample is only rutile TiO2 but shows white. This 
difference may be related to the reaction process. During HT in carbon powder, TiC and 
oxocarbon (COx) presumably react to form rutile TiO2 on the outside of TiC, resulting in 
a heterojunctions of TiO2/TiC, similarly to the previously report of controlled oxidation 
of TiC [5.26-5.28]. A possible reaction for the surface of TiC with oxocarbon is 
proposed in equation (5.1). During HT in air, TiC directly reacts with oxygen, resulting 
in oxidation of TiC to TiO2 with sufficient oxygen. The possible reaction for TiC in air 
is proposed in equation (5.2). 
 
    TiC + COx ⇋ TiO2 + C                              (5.1)      
    TiC + O2 ⇋ TiO2 + CO2                             (5.2)      
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Fig. 5.1 Appearance and XRD patterns of the samples of TiC-C-1073K15h and 
TiC-Air-1073K15h 
 
Morphology evolution.   The surface morphology of the samples of TiC-C-1073K15h 
and TiC-Air-1073K15h are presented in Fig. 5.2. The TiC-C-1073K15h sample shows a 
granular surface with porous-like structure (Fig. 5.2a), which is different from that of 
TiC (Fig. 5.3a). It hints that rutile TiO2 forms on the surface of TiC during HT in carbon 
powder. Moreover, the size of the surface morphology significantly increases, with 
extending the HT time in carbon powder from 2 h to 15 h at 1073 K (Fig. 5.3b-d). On 
the other hand, the surface morphology of the TiC-Air-1073K15h sample shows a 
micro-bump structure (Fig. 5.2b). It is known that the growth of TiO2 during the HT 
process is dependent on the predominant diffusion of TiC and oxocarbon, which is 
influenced by the HT conditions and the concentration of oxocarbon [5.31-5.34]. Hence, 
the differences in surface morphology can be attributed to the different TiO2 growth rate 
and the adsorption/desorption behavior of oxocarbon/oxygen on TiO2 crystal structure. 
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Fig. 5.2 SEM images of surfaces of the samples of TiC-C-1073K15h and 
TiC-Air-1073K15h 
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Fig. 5.3 SEM images of surfaces of the samples fabricated by different HT times in 
carbon powder. (a) TiC coatings, (b) TiC-C-1073K2h, (c) TiC-C-1073K5h, (d) 
TiC-C-1073K15h. 
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Fig. 5.4 UV-vis absorption spectra the samples of TiC-C-1073K15h and 
TiC-Air-1073K15h. 
 
Bonding environment.    The UV-vis absorption spectra is used to investigate the 
electronic states of the samples of TiC-C-1073K15h and TiC-Air-1073K15h, as shown 
in Fig. 5.4. The TiC-Air-1073K15h sample shows the typical absorbance of pristine 
TiO2. Whereas in the TiC-C-1073K15h sample, the absorbance edge evidently moves 
towards the visible-light range, and shows strong absorption in almost entire region. It 
could be attributed to the generation of oxygen vacancies on the surface of the rutile 
TiO2 [5.16-5.18]. 
Moreover, the PL emission spectra can be used to reveal the efficiency of the 
trapping and transfer of the pairs of electron and hole, and to understand the fate of the 
recombination of electron and hole [5.35-5.37]. Fig. 5.5 shows the peak position of PL 
emission band of the TiC-Air-1073K15h sample is about 580 nm in the wavelength 
range of 530-660 nm. While the PL intensity of the TiC-C-1073K15h sample greatly 
decreased. The variation of PL intensity may result from the change of defect state of 
oxygen vacancies on the shallow level of the TiO2 surface [5.38, 5.39], and the decrease 
in recombination rate between the photo-generated charge carriers [5.40, 5.41]. 
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Fig. 5.5 PL spectra of the samples of TiC-C-1073K15h and TiC-Air-1073K15h 
 
To further verify the formation of the active species in enhancement of 
photocatalytic activity, the 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin-trapping 
EPR spectra was performed to characterize the photo-generated reactive oxygen species, 
under UV irradiation for 10 min. The characteristic four peaks of DMPO-OH• with 
intensity 1:2:2:1 can be clearly observed in the ESR signal (Fig. 5.6), and this is similar 
to the spectra reported by other researchers [5.42-5.44]. It elucidates that OH• radicals 
are generated under UV irradiation, and no signals are observed under dark conditions. 
Obviously, the intensity of EPR signal of the DMPO-OH• adduct was remarkably 
enhanced in the presence of the TiC-C-1073K15h sample under UV irradiation, as 
compared with that of the TiC-Air-1073K15h sample. 
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Fig. 5.6 DMPO spin-trapping EPR spectra of the samples of TiC-C-1073K15h and 
TiC-Air-1073K15h. 
 
Furthermore, we also examined the change of the surface chemical bonding of the 
TiC-C-1073K15h and TiC-Air-1073K15h samples with XPS spectra. The XPS survey 
spectra of the samples confirms the existence of Ti, O and C elements (Fig. 5.7a). The 
O 1s XPS spectra of the samples of TiC-C-1073K15h and TiC-Air-1073K15h show 
dramatic differences (Fig. 5.7b). The single O 1s peak at 529.4 eV in the 
TiC-Air-1073K15h sample (white TiO2) comes from Ti-O-Ti linkages in TiO2, whereas 
in the TiC-C-1073K15h sample (black TiO2/TiC), this peak shows a significant shift to 
530.3 eV. This shift of O 1s peak could be considered to the formation of the oxygen 
vacancies [5.45], which could increase the visible-light absorption and enhance the 
photocatalytic activity [5.30, 5.46]. However, Fig. 5.7c shows that the Ti 2p peaks are 
almost identical for the black and white TiO2, indicating that the Ti atoms are with the 
similar bonding environment [5.30, 5.47]. Also, the results of the C 1s XPS spectra (Fig. 
5.7d) reveal that the two samples are not doped with carbon or residual carbon [5.48, 
5.49]. 
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Fig. 5.7 XPS spectra of the samples of TiC-C-1073K15h and TiC-Air-1073K15h. (a) 
Survey. (b) O 1s. (c) Ti 2p. (d) C 1s. 
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Fig. 5.8 Comparative photocatalytic degradation of MB solution of the samples of 
TiC-C-1073K15h and TiC-Air-1073K15h. (a) Under visible light irradiation, (b) Cycle 
tests for the TiC-C-1073K sample under visible light irradiation. (c) Under UV 
irradiation. The legend in visible-light panel applies to the UV panel. 
 
Photocatalytic activity.    Prior to the photocatalytic tests, a dark absorption (C: 20 
μmol/L) of all samples was conducted for 18 h to reach complete adsorption-desorption 
equilibrium. We find that HT in carbon powder for TiC coatings could exhibit a 
remarkable enhancement on the photocatalytic degradation of MB solution (C0: 10 
μmol/L) under both visible light and UV irradiation (Fig. 5.8). In particular, the 
visible-light photocatalytic activity was found to be fundamentally enhanced (Fig. 5.8a),  
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Fig. 5.9 Photocatalytic degradation rate of MB solution by the samples under visible 
light and UV irradiation. The standard degradation rate for determining performance of 
5 nmol L-1 min-1 (red dashed line), obtains from the Photocatalysis Industry Association 
of Japan. (http://www.piaj.gr.jp/roller/en/entry/20090121) 
 
with a degradation rate more than 30 times higher than that of the TiC-Air-1073K15h 
sample. Moreover, the enhancement on photocatalytic activity due to heat treatment in 
carbon powder for TiC coatings is higher than that for Ti coatings (Fig. 5.9). The results 
of cycle tests for the TiC-C-1073K15h sample are shown in Fig. 5.8b. No apparent 
deactivation could be found after four runs, revealing that the TiC-C-1073K15h sample 
possesses excellent photocatalytic stability. On the basis of these results, we further 
investigate HT times in carbon powder for TiC coatings. The photocatalytic activity 
under visible light and UV irradiation slightly decreases with extending HT times at 
1073 K (Fig. 5.10). In addition, the effect of the HT temperatures on the photocatalytic 
activity will be discussed in next part. 
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Fig. 5.10 Comparative photocatalytic degradation of MB solution by the samples 
fabricated under 1073 K for different holding times. (a) Under visible light. (b) Under 
UV irradiation. The legend in each UV panels applies to the relative visible-light panels. 
 
The increasing visible-light absorption and enhancing photocatalytic activity of the 
black TiO2/TiC coatings could be attributed to the following three reasons. The granular 
surface with porous-like structure of black TiO2/TiC coatings increases the accessible 
surface area (Fig. 5.2a). Another is the heterojunctions of TiO2/TiC, which could 
promote the charge transfer of the photogenerated electron-hole pairs (Fig. 5.11) [5.29, 
5.50]. It also has confirmed by the decreased PL intensity (Fig. 5.5), and the increased 
intensity of DMPO spin-trapping EPR spectra (Fig. 5.6). More importantly, oxygen 
vacancies generated in the lattice of TiO2 act as electron traps [5.17, 5.51], and the 
proposed band gap structure model is shown in Fig. 5.11. Moreover, the generated 
oxygen vacancies are confirmed by the dramatic shift of the O 1s XPS spectra (Fig. 
5.7b). Accordingly, the increased visible light absorption benefits the generation of 
more photogenerated electron-hole pairs, and the heterojunctions of TiO2/TiC promotes 
the separation by the charge transfer to further enhance the photocatalytic activity. To 
the best of our knowledge, our finding constitutes the first experimental evidence of the 
visible light photocatalytic activity of black TiO2/TiC coatings fabricated by HT in 
carbon powder for TiC coatings, which were prepared by MCT with TiC powder on 
Al2O3 balls, using a safe, low-cost, and effective approach. 
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Fig. 5.11 Schematic illustration of proposed band gap structure model for the charge 
transfer. VO state is due to the generated oxygen vacancies, VB and CB represent the 
valence band and the conduction band, respectively. 
 
5.3.2 Influence of HT temperature in carbon powder on photocatalyst coatings 
Phase structure.    Fig. 5.12 shows XRD patterns of the TiC-C-xK2h samples by HT 
in carbon powder and the schematic of change process between TiO2 and TiC. From the 
C-1073K2h sample, it can be found that rutile TiO2 formed on the surface of TiC 
coatings, with the evidence of the diffraction peaks at 27.4°, 41.3°, and 54.3°. With 
decreasing the HT temperature to 973 K, the spectrum of the TiC-C-973K2h sample 
shows small percentage of TiC (35.9° and 41.7°) without rutile TiO2. With increasing 
the HT temperature to 1173 K, the XRD patterns are similar to that of the 
TiC-C-1073K2h sample, but the relative intensity of peaks of rutile TiO2 is stronger. 
While increasing the HT temperature to 1273 K, the content of rutile TiO2 becomes too 
low to be detected, which indicates that the possible formed rutile TiO2 had been 
reduced to be TiC [5.52]. Based on the results, the possible schematic of formation 
process of TiO2 from TiC is also proposed in Fig. 5.12. 
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Fig. 5.12 XRD patterns of the TiC-C-xK2h samples and possible schematic of change 
process between TiO2 and TiC. 
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Fig. 5.13 Comparison of surface morphology of the TiC-C-xK2h samples. (a) TiC 
coatings, (b) TiC-C-973K2h, (c) TiC-C-1073K2h, (d) TiC-C-1173K2h, (e) 
TiC-C-1273K2h. 
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Fig. 5.14 XPS spectra of the TiC-C-xK2h samples fabricated at 1073 K, 1173 K, 1273 K. 
(a) O 1s. (b) Ti 2p. (c) C 1s. 
 
Surface morphology.    The surface morphology of the TiC-C-xK2h samples is shown 
in Fig. 5.13. In general, it shows the size of surface morphology increases, with 
increasing the HT temperatures. When the HT temperature lower than 1073 K, the 
TiC-C-xK2h samples does not show obvious change compared with TiC coatings (Fig. 
2a-c). While the HT temperature is higher than 1073 K, the formed compounds show 
significant growth in size and number (Fig. 5.13c-e). However, the formed compounds 
of the TiC-C-1273K2h sample coarsened to micron meter scale (Fig. 5.13e). Therefore, 
the significant difference of surface morphology could be attributed to the difference in 
the formed compounds and the reaction process of TiC with the involved oxocarbon and 
its concentration, under different HT temperatures [5.31]. 
 
Bonding environment.    Fig. 5.14 shows that the XPS results by investigating the 
bonding environment of the TiC-C-xK2h samples. For the O 1s XPS spectra of the typical 
absorbance of TiO2, the peak at 529.4 could be corresponded to the Ti-O-Ti linkages in 
TiO2 [5.30]. Fig. 5.14a shows an obvious shift of the O 1s peak to 530.5 eV of the 
TiC-C-1073K2h and TiC-C-1173K2h samples, 530.7 eV of the TiC-C-1273K2h sample, 
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Fig. 5.15 Comparative photocatalytic degradation of MB solution of the samples. (a) 
Under visible light irradiation, (b) Under UV irradiation. 
 
respectively. The shift of O 1s peak could be considered to the formation of the oxygen 
vacancies [5.18, 5.45]. However, Fig. 5.14b shows that the Ti 2p peaks are almost 
identical, which indicates that Ti atoms have a similar bonding environment [5.45]. Fig. 
5.14c shows the results of the C 1s peak nearby at 282.2 eV, which could be corresponded 
to the Ti-C bonds, from the TiC-C-1273K2h sample. It means that the formed TiO2 had 
been reduced to be TiC under 1273 K, which is matched with that of XRD results. 
 
Photocatalytic activity.    The photocatalytic activity of the TiC-C-xK2h samples is 
evaluated by degradation of MB solution under visible light and UV irradiation at room 
temperature, as shown in Fig. 5.15. The TiC-C-xK2h samples show the photocatalytic 
activity expect the TiC-C-973K2h sample. Compared with the influence on the 
photocatalytic activity with different HT temperatures, the photocatalytic activity of the 
TiC-C-xK2h samples fabricated at 1073 K and 1173 K is higher, as shown in Fig. 5.15. 
With increasing the HT temperature from 973 K to 1273 K, the photocatalytic activity 
first increases and then decreases, which hints that the photocatalytic activity could be 
considered with the formed compounds (Fig. 5.12), the suitable accessible surface (Fig. 
5.13), and the generated oxygen vacancies (Fig. 5.14). 
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5.4 Conclusions 
In this chapter, we had investigated the photocatalyst coatings by HT in carbon 
powder and HT in air for TiC coatings. The conditions of HT in carbon powder focus on 
HT temperatures from 973 K to 1273 K for HT times of 2 h, 10 h and 15 h, while the 
conditions of HT in carbon powder are at 1073 K for 15 h. The results are summarized 
and shown as follows. 
(1) HT in air: The photocatalyst TiO2 coatings had been formed on the surface of TiC 
coatings at 1073 K for 15 h. A micro-bump structure with rutile TiO2 forms, and the 
samples hardly show any photocatalytic activity. 
(2) HT in carbon powder: Comparison of photocatalyst coatings fabricated by HT in air, 
the photocatalyst coatings fabricated by HT in carbon powder show nano-bump 
structure and higher photocatalytic activity.  
(3) HT with various conditions: With increasing the HT temperature during HT in 
carbon powder, the change of surface morphology is obvious. The photocatalytic 
activity of the samples first increases then decreases. The photocatalytic activity of the 
samples fabricated at 1073 K and 1173 K is highest. While extending the HT time 
during HT in carbon powder, the photocatalytic activity of the samples decreases, and 
the photocatalytic activity shows most satisfactory at 1073 K for 2 h. 
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Chapter 6. Study of photocatalyst composite coatings of TiO2/TiC-Ti 
using Ti and TiC powders 
 
6.1 Background and aim 
For several decades, nanostructured metal oxides are the most extensively 
materials because of their physicochemical properties and potential applications. In 
particular, alkali metal incorporated titanates could be produced as nanotube, nanofiber, 
and nanosheets [6.1, 6.2]. Among them, potassium (K)-incorporated titanates have been 
attracted more and more attentions, owing to their excellent thermal durability and 
specific photochemical properties [6.3, 6.4]. Especially, K2Ti6O13 has been reported to 
be adequate for degradation of toxic substances, decomposition of pure water, as so on 
[6.5-6.7]. Among the synthesis methods, molten salt treatment is the simplest, most 
versatile approaches [6.6-6.8]. However, molten salt treatment usually needs a 
temperature above 900 °C to obtain highly crystalline. Therefore, developing a facile 
and low-temperature treatment in molten salt is worth considering [6.8, 6.9]. In addition, 
K2Ti6O13 can't perform good photocatalytic activity due to its wide band gap and high 
recombination rate. As a result, a great effort has been devoted to enhance the 
photocatalytic activity via doping elemental or introducing oxygen vacancy, and 
sensitizing with precious metals or semiconductors to form the heterojunction 
photocatalysts [6.6, 6.10, 6.11]. 
Among the catalysts, TiO2 is widely used in our daily lift, owing to its high activity 
and good stability [6.12-6.14]. However, the application of TiO2 is limited by its wide 
band gap (anatase TiO2 is 3.2 eV, rutile TiO2 is 3.0 eV), and fast recombination of the 
photogenerated electron and hole [6.15-6.17]. Therefore, a number of studies focus on 
enhancing the photocatalytic activity of TiO2 photocatalysts under visible light 
irradiation, by narrowing the band gap [6.18-6.21]. The heterojunction photocatalysts 
are usually with the aid of charge transfer, and have been successfully reported for 
several combinations of photocatalysts, with greater potential for use under visible light 
irradiation for water splitting [6.22-6.25]. In recent years, titanium carbide (TiC) is with 
much interest for the possible use in catalysis and electrocatalysis, due to its excellent 
chemical stability and catalytic properties. In addition, the surface of transition metal 
carbides, which often shows similar chemical and electronic properties to Pt-group 
metals, has been proposed as an excellent support for the dispersion [6.26, 6.27]. As a 
catalyst support, TiC has been reported to enhance catalytic activity [6.28-6.31]. 
    In this chapter, TiC-Ti coatings were successfully fabricated on Al2O3 balls by 
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MCT using Ti and TiC powders. The influence of the added amount of TiC powder into 
Ti powder by MCT on the coating formation process of the TiC-Ti coatings was 
investigated. Photocatalyst composite coatings of TiO2/TiC-Ti were fabricated by HT in 
carbon powder for the TiC-Ti coatings. The effect of the added amount of TiC powder 
on the formed compounds, surface morphology, and photocatalytic activity of the 
TiO2/TiC-Ti coatings was studied. The relationship between the photocatalytic activity 
and the added amount of TiC powder, as well as the visible-light absorption is discussed. 
Also, the influence of the photocatalyst coatings fabricated by molten salt treatment for 
the TiC coatings and Ti coatings has been investigated and discussed. 
6.2 Experimental 
6.2.1 Source materials and experimental equipments 
Ti and TiC powders were used as the coating materials. Also, Al2O3 balls were 
used as the substrates. A planetary ball mill (Type: P6, Fritsch) was conducted for the 
mechanical coating operation. The relevant parameters of the source materials are listed 
in Table 6.1. 
6.2.2 Fabrication of TiC-Ti coatings 
Firstly, the Ti and TiC powders will charge into an alumina pot. Then the alumina 
pot will be locked into the ball mill machine. The milling operation was carried out at 
480 rpm for 10 h from the start of the milling operation, with a 10-minute milling 
operation followed by a 2-minute cooling interval. After the coating operation by MCT, 
the TiC-Ti coatings will form on the Al2O3 balls. The prepared coatings were labeled as 
“xTiC-Ti”, indicating that the samples prepared by mixed Ti and TiC powders, with x 
being the mass fraction of TiC by MCT.  
 
Table 6.1 Source materials of powders and Al2O3 ball. 
Raw materials Diameter (μm) Purity (%) Manufacturers 
TiC powder about 2-5  99.10 Yakukensha co. ltd. 
Ti powder about 35  99.10 Osaka Titanium Technology 
Carbon powder about 150  - Kishu charcoal 
Al2O3 ball about 1000 98.50 Nikkato Corporation 
KNO3 - 99.0 Wako Pure Chemical Industries Ltd. 
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6.2.3 Fabrication of photocatalyst coatings by HT in carbon powder 
The prepared xTiC-Ti coatings were fabricated by HT in carbon powder with 
various conditions using an electric furnace (HPM-1G, As one, Japan). The conditions 
during HT in carbon powder are at 1073 K for 15 h.  
6.2.4 Fabrication of photocatalyst coatings by molten salt treatment  
The TiC coatings were subjected to low-temperature treatment in molten salt of 
KNO3 at 673 K for 3 h, and named as "TiC-K". For comparison, the Ti coatings formed 
on Al2O3 balls were treated in molten salt with same conditions, and named as "Ti-K". 
6.2.5 Characterization  
The formed compounds were analyzed by X-ray diffraction (XRD, D8 Advance) 
with Cu-Kα radiation at 40 kV and 40 mA, and Raman spectroscopy (Horiba Scientific) 
using an Ar laser radiation (514.5 nm). The surface morphology and elemental 
composition analysis were examined by scanning electron microscopy (SEM, 
JSM-5300) equipped with an energy dispersive X-ray spectrometer (EDS, 
JSM-5300LV). The optical absorption of the samples was measured with a scanning 
UV-vis spectrophotometer (UV-vis, MSV-370). The spectra of O 1s, K 2p and Ti 2p 
were analyzed by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi). 
The photocatalytic activity of the samples was evaluated from the 
photodecomposition of MB solution (C0: 10 μmol/L, 35 mL) under visible light and UV 
irradiation at room temperature. The samples were first dried under UV irradiation 
(FL20S BLB) for 24 h, and then adsorbed with a highly concentrated MB solution (20 
μmol/L, 35 mL) in the dark for 18 h, to reach the adsorption-desorption equilibrium. 
Two 20 W fluorescent lamps (FL20SSW/18) were used as the visible light irradiation 
source (irradiance of 5000 lx), with a UV cut-off filter (L42) to ensure that only visible 
light irradiation (λ > 420 nm) could reach the samples. At the same time, the adsorption 
test in the dark was also carried out to compare with the results of the light irradiation 
test. The cycle tests for the adsorption stability were also conducted with fresh MB 
solution, according to the procedure described in a previous publication. 
6.3 Results and discussion 
6.3.1 Influence of added amount of TiC powder on TiC-Ti coatings 
Formed compounds.    Fig. 6.1 shows the XRD patterns of the xTiC-Ti samples 
fabricated with different added amount of TiC powder into Ti powder by MCT. It can 
be found that only Ti peaks are detected from Ti coatings (the added amount of TiC is 
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0%). The diffraction peaks of the xTiC-Ti samples show remarkable changes, with 
different added amount of TiC powder into Ti powder by MCT. The diffraction peaks at 
35.9°, 41.7°, and 60.5° could be attributed to the (111), (200), and (220) crystal planes of 
TiC (JCPDS # 32-1383), respectively. For the 20%TiC-Ti sample, the intensity of Ti 
peaks decrease and the TiC peaks appear. When the added amount of TiC powder into 
Ti powder by MCT is higher than 40%, the Al2O3 peaks obviously show, because that 
the TiC-Ti coatings become thinner. For the 50%TiC-Ti sample, the peaks of TiC are 
stronger than those of Ti. The Ti peaks are difficult to be found from the 60%TiC-Ti 
sample. When the added amount of TiC powder into Ti powder by MCT is higher than 
60%, the Al2O3 peaks are higher than those of TiC and Ti, initiating the thickness of the 
TiC-Ti coatings is too thin. 
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Fig. 6.1 XRD patterns of the xTiC-Ti samples prepared by MCT. 
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Fig. 6.2 Comparison of the surface morphology of the xTiC-Ti samples prepared by 
MCT. (a) 100%, (b) 80%, (c) 60%, (d) 50 %, (e) 40%, (f) 20%. 
Morphology evolution.    Fig. 6.2 shows that the change of the surface morphology of 
the xTiC-Ti samples is obvious. Compared with Ti coatings [6.32], it hardly finds any 
difference from the 20%TiC-Ti sample. For the 40%TiC-Ti sample, Fig. 6.2e shows that 
the whole appearance is a mountain-like structure, but the surface morphology is similar 
to that of the 20%TiC-Ti sample. For the 50%TiC-Ti sample, the whole appearance is 
smooth, and the surface morphology is remarkable different from that of the samples with 
lesser added amount of TiC powder into Ti powder by MCT. Considering the XRD 
results, the formed compounds on the surface morphology might be TiC. When the added 
amount of TiC powder into Ti powder by MCT is higher than 60%, the whole appearance 
is smooth, but the amount of the small sized compounds on the surface becomes higher.  
 
Fig. 6.3 shows the effect of the added amount of TiC powder into Ti powder by MCT on 
the cross sections of the xTiC-Ti samples is obvious. Based on above results, Fig. 6.4 
shows the change of the thickness, with increasing the added amount of TiC powder into 
Ti powder, and the change could be considered to be with three stages. When the added 
amount of TiC powder into Ti powder by MCT is less than 40% (stage-I), the influence of 
the added amount of TiC powder on the thickness is slight. In stage-II, the thickness of the 
TiC-Ti coatings dramatically decreases, which hints that the influence of the added 
amount of TiC powder is obvious. In stage-III, the thickness of the TiC-Ti coatings is 
lower than 5 μm and the influence on the thickness becomes weak. This suggests that TiC  
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Fig. 6.3 Comparison of the cross sections of the xTiC-Ti samples and their thickness. (a) 
100%, (b) 80%, (c) 60%, (d) 50 %, (e) 40%, (f) 20%. 
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Fig. 6.4 Change of the thickness of the xTiC-Ti samples with increasing the added 
amount of TiC powder. 
 
becomes the main factor in the coating formation. From the influence of the added 
amount of TiC powder into Ti powder by MCT on the coating formation, it could draw 
the conclusion that Ti powder is easier to coat on Al2O3 balls than that of TiC powder. 
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6.3.2 Photocatalyst coatings fabricated by HT in carbon powder 
Formed compounds.    Fig. 6.5 shows the XRD result of the photocatalyst composite 
coatings by HT in carbon powder for the TiC-Ti coatings. With adding TiC powder, 
rutile TiO2 forms on the surface of the TiC-Ti coatings, which indicates the possible 
formation of the photocatalyst with TiO2/TiC-Ti [6.29, 6.30]. From Fig. 6.5, it shows 
that the relative intensity of rutile TiO2 peaks becomes stronger, with increasing the 
added amount of TiC powder into Ti powder by MCT (lower than 60%). The influence 
on the formed rutile TiO2 is low, with lower than 40% of TiC powder. The relative 
intensity of rutile TiO2 peaks (red dashed box in Fig. 6.5) becomes stronger than that of 
TiC (black dashed box in Fig. 6.5), with higher than 60% of TiC powder. Also, the 
peaks form Al2O3 become the main peaks, compared with those from TiO2 and TiC. 
 
Morphology evolution.    From Fig. 6.6, the formed compound from the surface of the 
xTiC-Ti-C-1073K15h samples is difficult to be found, with less than 40% of TiC 
powder into Ti powder by MCT. The formed compounds on the surface show a 
macro-bump structure, with increasing the added amount of TiC powder into Ti powder 
by MCT. Also, the size of the surface structure grows larger than those of the TiC-Ti 
coatings (Fig. 6.2). Take into account of the XRD results, the change of the surface 
structure can be considered to the change of rutile TiO2 on the surface. 
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Fig. 6.5 XRD patterns of the xTiC-Ti-C-1073K15h samples fabricated by HT in carbon 
powder. 
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Fig. 6.6 Comparison of the surface morphology of the xTiC-Ti-C-1073K15h samples. 
(a) 100%, (b) 80%, (c) 60%, (d) 50 %, (e) 40%, (f) 20%. 
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Fig. 6.7 UV-vis absorption spectra of the xTiC-Ti-C-1073K15h samples. 
Bonding environment.    Fig. 6.7 shows that the UV-vis result of the electronic states 
of the xTiC-Ti-C-1073K15h samples. Compared with the normal absorbance of TiO2, 
the absorbance edge of the xTiC-Ti-C-1073K15h samples obviously shifts to the visible 
light region. The 0%TiC-Ti-C-1073K15h sample shows strong absorption in almost the 
whole region, which hints that the generated oxygen vacancies in the lattice of TiO2 
during HT in carbon powder [6.32-6.36]. The absorbance with the range from 600 to 
700 nm increases (as shown by the blue arrow in Fig. 6.7), with increasing the added 
amount of TiC powder up to 50%. With increasing the added amount of TiC powder 
higher than 50%, the absorbance is similar to that of TiC, which might be related with 
the higher amount of TiC powder.. 
Photocatalytic activity.    Fig. 6.8 shows that the influence of the added amount of TiC 
powder into Ti by MCT on the photocatalytic activity of the samples fabricated by HT in 
carbon powder. The concentration changes of the MB solution show that all of the 
xTiC-Ti-C-1073K15h samples show photocatalytic activity under visible light 
irradiation. With increasing the added amount of TiC powder into Ti powder by MCT, 
the photocatalytic activity of the xTiC-Ti-C-1073K15h samples first increases and then 
decreases. Compared with the sample without TiC, the enhancement of the samples on 
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Fig. 6.8 Comparison of the photocatalytic activity of the xTiC-Ti-C1073K15h samples. 
(a) Degradation of MB solution, (b) Degradation constant rate. 
 
the photocatalytic activity is significant (Fig. 6.8b), which could be related to the 
heterojunctions between TiO2 and TiC [6.37]. The influence of adding TiC powder into 
Ti powder by MCT on the photocatalytic activity is significant, with more than 40% of 
TiC powder. Hence, with lower than 50% of TiC powder, the photocatalytic activity 
increases, which could be considered with the absorbance change in the visible light 
region (Fig. 6.7). With higher than 60% of TiC powder, the photocatalytic activity 
decreases, which could be considered with the thickness of the TiO2/TiC-Ti coatings. In 
other words, the relative amount of TiC in the TiO2/TiC-Ti coatings becomes less, 
which affects the effect of the charge transfer between TiO2 and TiC [6.31, 6.38-6.40]. 
The possible enhancement mechanism of charge transfer of the photocatalyst coatings 
of TiO2/TiC-Ti could be proposed, and shown in Fig. 6.9. 
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Fig. 6.9 Schematic illustration of the separation of charge transfer between TiO2 and 
TiC. VB and CB represent the valence band and the conduction band, respectively. VO 
state is due to the generated oxygen vacancies. 
 
6.3.3 Photocatalyst coatings fabricated by molten salt treatment 
Appearance and formed compounds.    Fig. 6.10a shows the appearance and XRD 
patterns of the samples of Ti-K and TiC-K. The appearance of the TiC-K sample is 
black. From Fig. 6.10a, the diffraction peaks at 24.4° could be attributed to the (101) 
crystal plane of anatase TiO2, 28.9° could be attributed to the (310) crystal plane of 
K2Ti6O13, and 35.9°, 41.7° and 60.5° could be attributed to the (111), (200) and (220) 
crystal planes of TiC, respectively. Also, XRD results show the strong peaks of the 
substrate of Al2O3. It hints that the TiC coatings formed on Al2O3 ball are very thin. 
While the appearance of the Ti-K sample is light-gold, XRD results reveal that only 
K2Ti6O13 formed on Ti coatings. It does not show the peak of Al2O3, due to the thickness 
of Ti coatings is about 18 μm [6.41]. In order to investigate the generated chemical bond, 
Raman results are presented in Fig. 6.10b. The Raman peaks of the Ti-K sample are 
similar to that of Ti [6.4]. For comparison of the Ti-K sample, the Raman peaks of the 
TiC-K sample at 200 and 280 cm-1 can be observed, which are agree with the Ti-O-K 
bonding of K2Ti6O13 [6.7, 6.42]. Also, the peaks at 155, 399 and 620 cm-1 can be agree 
with the Ti-O bonding of anatase TiO2 [6.4, 6.43]. Notably, the formed compounds with 
K2Ti6O13 inserting anatase TiO2 are formed on TiC coatings.  
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Fig. 6.10 XRD patterns (a) and Raman spectra (b) of the samples of Ti-K and TiC-K. 
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Fig. 6.11 Comparison of the surface morphology of the samples of Ti-K (a) and TiC-K 
(b).  
 
Table 6.2 Elemental composition of the samples of Ti-K and TiC-K. 
Element (at.%) K C O Ti 
Ti-K 0.74 0 7.99 91.27 
TiC-K 11.74 5.97 32.33 50.23 
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Fig. 6.12 UV-vis spectra of the samples of Ti-K and TiC-K. 
 
Surface morphology.    Fig. 6.11 shows the surface morphology of the samples of Ti-K 
and TiC-K. It is difficult to find any compound formed on the surface of Ti coatings 
from the Ti-K sample. While from the TiC-K sample, the flower-like structure with 
nano-sheet is formed, as shown in Fig. 6.11b. The thickness of nano-sheet is about 20 
nm, which could substantially increase the accessible surface area, compared with that 
of the Ti-K sample. Table 6.2 shows the elemental composition analysis by EDS of the 
samples of Ti-K and TiC-K. The potassium (K) content increases from 0.74 of Ti-K to 
11.47 of TiC-K, and the O content increases from 7.99 of Ti-K to 32.33 of TiC-K. The 
results hint that TiC is easier to be reacted than that of Ti, and the nano-sheet structure 
could be considered to be K2Ti6O13 and TiO2. 
Bonding environment.    The UV-vis absorption spectra are used to investigate the 
electronic states of the samples of Ti-K and TiC-K, as shown in Fig. 6.12. The Ti-K 
sample shows that the absorbance edge is about 430 nm. Whereas in the TiC-K sample, 
the result shows absorption in almost entire region. It may be attributed to the formed 
compounds, and the appearance. The results of XPS survey spectra confirm the existence 
of O, K, Ti and C elements (Fig. 6.13a). Compared with the Ti-K sample, the K 2p peaks 
of the TiC-K sample are more obvious (Fig. 6.13b). This result also confirms the 
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Fig. 6.13 XPS spectra of the samples of Ti-K and TiC-K. 
 
formation of the Ti-O-K bonding on the surface. The O 1s XPS spectra of the Ti-K and 
TiC-K samples show dramatic differences (Fig. 6.13c). For the Ti-K sample, the O 1s 
peak at 528.88 eV could be attributed to the formed K2Ti6O13 [6.31]. Whereas in the 
TiC-K sample, this peak shows a significant shift to 530.08 eV. This shift is related to 
the mixed compounds of K2Ti6O13 and anatase TiO2 [6.30]. 
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Fig. 6.14 PL spectra of the samples of the samples of Ti-K and TiC-K. 
 
Moreover, the photoluminescence (PL) emission spectra can be used to reveal the 
efficiency of the trapping and transfer of the pairs between electron and hole [6.43-6.45]. 
Fig. 6.14 shows the peak position of PL emission band of the Ti-K sample is about 580 
nm in the wavelength range of 530-660 nm. While the PL intensity of the TiC-K sample 
slight decreased. The variation of PL intensity may result from the change of defect 
state of oxygen vacancies on the shallow level of the TiO2 surface [6.46, 6.47], and the 
decrease in recombination rate between the photo-generated charge carriers [6.48, 6.49]. 
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Fig. 6.15 Photocatalytic activity and absorption of MB solution of the samples of Ti-K 
and TiC-K. (a) Under UV irradiation, (b) Cycle absorption in the dark. 
 
Photocatalytic activity.    Fig. 6.15 shows the relationship between MB solution 
concentration and irradiation time of the samples of Ti-C and TiC-K. After UV 
irradiation test for 3 h, the MB solution concentration decreases by about 6% for the 
Ti-K sample, and about 16% for the TiC-K sample, respectively (Fig. 6.15a). However, 
the MB solution concentration also decreases by about 45% in the dark (red dashed 
line), due to the remarkable adsorption of the TiC-K sample. To further verify the stable 
adsorption, cycle tests of the MB solution concentration in the dark are shown in Fig. 
6.15b. After consecutive runs, the MB solution concentration for each cycle test 
decreases by about 40% for the TiC-K sample, revealing that the TiC-K sample 
possesses excellent adsorption stability. The high adsorption stability and photocatalytic 
activity could be attributed to the formed K2Ti6O13 and anatase TiO2 with nano-sheet 
flower-like structure on the surface of TiC. The proposed band gap structure model is 
shown in Fig. 6.16. The schematic illustration shows the possible mechanism of charger 
transfer, compared by the change of PL intensity (Fig. 6.14). 
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Fig. 6.16 Schematic illustration of proposed band gap structure model for the charge 
transfer. VO state is due to the generated oxygen vacancies, VB and CB represent the 
valence band and the conduction band, respectively.  
 
6.4 Conclusions 
In this chapter, we had studied the influence of the added amount of TiC powder on 
fabricating photocatalyst composite coatings by MCT using TiC and Ti powders, and 
HT in carbon powder. Also, the effect of molten salt treatment for TiC coatings and Ti 
coatings had been investigated. The results are summarized and shown as follows. 
(1) Fabrication of the TiC-Ti coatings: The TiC-Ti coatings had been successfully 
formed on the surface of Al2O3 balls by MCT using TiC and Ti powders. The influence 
of the added amount of the TiC powder on the coating formation is remarkable, and it 
could be concluded that Ti powder is easier to coat on Al2O3 balls than TiC powder. The 
influence of the added amount of TiC powder on the thickness of the TiC-Ti coatings 
could be considered to be with three stages. The TiC-Ti coatings are discontinuous, 
when the added amount of carbon powder is higher than 60%. 
(2) HT in carbon powder for the TiC-Ti coatings: After HT in carbon powder for the 
TiC-Ti coatings, rutile TiO2 formed on the surface of the TiC-Ti coatings to be the 
photocatalyst composite coatings of TiO2/TiC-Ti. The photocatalytic activity of the 
TiO2/TiC-Ti coatings under visible light irradiation first increased and then decreased 
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with increasing the added amount of TiC powder, and the photocatalytic activity shows 
highest when the added amount of TiC powder was 60%. 
(3) Molten salt treatment for TiC coatings and Ti coatings: Black composite 
photocatalyst coatings of K2Ti6O13-TiO2/TiC fabricated by low-temperature molten salt 
treatment for TiC coatings, significantly increase adsorption stability and enhance 
photocatalytic activity. The surface morphology of K2Ti6O13-TiO2/TiC is flower-like 
structure with nano-sheet (about 20 nm thick). While the coatings of K2Ti6O13/Ti by the 
same treatment for Ti coatings appear light-gold. 
 
References 
[6.1] Z. Yang, D. Choi, S. Kerisit, K. Rosso, D. Wang, J. Zhang, G. Graff, J. Liu, 
Nanostructures and lithium electrochemical reactivity of lithium titanites and titanium 
oxides: A review, J. Power Sources 192 (2009) 588-598. 
[6.2] G. Du, Q. Chen, P. Han, Y. Yu, L. Peng, Potassium titanate nanowires: Structure, 
growth, and optical properties, Phys. Rev. B 67 (2003) 035323. 
[6.3] A. Kudo, T. Kondo, Photoluminescent and photocatalytic properties of layered 
caesium titanates, Cs2TinO2n+1 (n=2, 5, 6), J. Mater. Chem. 7 (1997) 777-780. 
[6.4] S. Lee, C. Lee, D. Kim, J. Locquet, J. Seo, Preparation and photocatalytic activity 
of potassium-incorporated titanium oxide nanostructures produced by the wet corrosion 
process using various titanium alloys, Nanomaterials 5 (2015) 1397-1417. 
[6.5] J. Park, Photocatalytic activity of hydroxyapatite-precipitated potassium titanate 
whiskers, J. Alloys. Compd. 492 (2010) 57-60. 
[6.6] Q. Wang, Q. Guo, B. Li, Low temperature synthesis and characterization of 
substitutional Na-modified K2Ti6O13 nanobelts with improved photocatalytic activity 
under UV irradiation, RSC Adv. 5 (2015) 66086-66095. 
[6.7] C.E. Bamberger, G.M. Begun, C.S. MacDougall, Raman spectroscopy of 
potassium titanates: Their synthesis, hydrolytic reactions, and thermal stability, Appl. 
Specrosc. 44 (1990) 30-37. 
[6.8] C. Xu, Q. Zhang, H. Zhang, L. Zhen, J. Tang, L. Qiu, Synthesis and 
characterization of single-crystalline alkali titanate nanowires, J. Am. Chem. Soc. 127 
(2005) 11584-11585. 
[6.9] C. Xu, Y. Liu, L. Zhen, Z. Wang, Disket-nanorings of K2Ti6O13 formed by 
self-spiraling of a nanobelt, J. Phys. Chem. C 112 (2008) 7547-7551. 
[6.10] F. Amano, T. Yasumoto, T. Shiboyama, S. Uchida, B. Ohtani, 
Nanowire-structured titanate with anatase titania: characterization and photocatalytic 
１７２ 
 
activity, Appl. Catal. B 89 (2009) 583-589. 
[6.11] S. Tawkaew, M. Chareonpanich, S. Supothina, Preparation and photocatalytic 
study of fibrous K0.3Ti4O7.3(OH)1.7-anatase TiO2 nanocomposite photocatalyst, Mater. 
Chem. Phys. 111 (2008) 232-237. 
[6.12] S. Kumar, L. Devi, Review on modified TiO2 photocatalysis under UV/visible 
light: selected results and related mechanisms on interfacial charge carrier transfer 
dynamics, J. Phys. Chem. A 115 (2011) 13211-13241. 
[6.13] A. Fujishima, X. Zhang, D. Tryk, TiO2 photocatalysis and related surface 
phenomena. Surf. Sci. Rep. 63 (2008) 515-582. 
[6.14] X. Wang, Z. Li, J. Shi, Y. Yu, One-dimensional titanium dioxide nanomaterials: 
Nanowires, nanorods, and banobelts. Chem. Rev. 114 (2014) 9346-9384. 
[6.15] S. Anandan, T. Rao, M. Sathish, D. Rangappa, I. Honma, M. Miyauchi, 
Superhydrophilic graphene-loaded TiO2 thin film for self-cleaning applications, ACS 
Appl. Mater. Inter. 5 (2013) 207-212. 
[6.16] J. Dong, J. Han, Y. Liu, A. Nakajima, S. Matsushita, S. Wei, W. Gao, Defective 
black TiO2 synthesized via anodization for visible-light photocatalysis, ACS Appl. Mater. 
Inter. 6 (2014) 1385-1388. 
[6.17] Y. Li, J. Zhang, Hydrogen generation from photoelectrochemical water splitting 
based on nanomaterials, Laser Photonics Rev. 4 (2010) 517-528. 
[6.18] R. Daghrir, P. Drogui, D. Robert, Modified TiO2 for environmental 
photocatalytic applications: A review, Ind. Eng. Chem. Res. 52 (2013) 3581-3599. 
[6.19] L. Kong, Z. Jiang, C. Wang, F. Wan, Y. Li, L. Wu, J. Zhi, X. Zhang, S. Chen, Y. 
Liu, Simple ethanol impregnation treatment can enhance photocatalytic activity of TiO2 
nanoparticles under visible-light irradiation, ACS Appl. Mater. Inter. 7 (2015) 
7752-7758. 
[6.20] M. Ibadurrohman, K. Hellgardt, Morphological modification of TiO2 thin films 
as highly efficient photoanodes for photoelectrochemical water splitting, ACS Appl. 
Mater. Inter. 7 (2015) 9088-9097. 
[6.21] G. Wang, X. Yang, F. Qian, J. Zhang, Y. Li, Double-sided CdS and CdSe 
quantum dot co-sensitized ZnO nanowire arrays for photoelectrochemical hydrogen 
generation, Nano Lett. 10 (2010) 1088-1092. 
[6.22] H. Park, W. Choi, M.R. Hoffmann, Effects of the preparation method of the 
ternary CdS/TiO2/Pt hybrid photocatalysts on visible light-induced hydrogen 
production, J. Mater. Chem. 18 (2008) 2379-2385. 
１７３ 
 
[6.23] X. Zong, H. Yan, G. Wu, G. Ma, F. Wen, L. Wang, C. Li, Enhancement of 
photocatalytic H2 evolution on  CdS by loading MoS2 as cocatalyst under visible light 
irradiation, J. Am. Chem. Soc. 130 (2008) 7176-7177. 
[6.24] C. Han, Y. Lei, Y. Wang, Recent process on nano-heterostructure photocatalysts 
for solar fuels generation, J. Inorg. Mater. 30 (2015) 1121-1130. 
[6.25] J. Yu, J. Ran, Facile preparation and enhance photocatalytic H2-production activity 
of Cu(OH) 2 cluster modified TiO2, Energy Environ. Sci. 4 (2011) 1364-1371. 
[6.26] Y. Shao, J. Liu, Y. Wang, Y. Lin, Novel catalyst support materials for PEM fuel 
cells: Current status and future prospects, J. Mater. Chem. 19 (2009) 46-59. 
[6.27] H. Hwu, J. Chen, Surface chemistry of transition metal carbides, Chem. Rev. 105 
(2005) 185-212. 
[6.28] Z. Jiang, Z. Wang, W. Qu, D. Gu, G. Yin, Synthesis and characterization of 
carbon riveted Pt/MWCNTs@TiO2-TiC catalyst with high durability for PEMFCs 
application, Appl. Catal. B-Environ. 123-124 (2012) 214-220. 
[6.29] A. Ignaszak, C. Song, W. Zhu, J. Zhang, A. Bauer, R. Baker, V. Nebuchilov, S. 
Ye, S. Campbell, Titanium carbide and its core-shelled derivative TiC@TiO2 as catalyst 
supports for proton exchange membrane fuel cells, Electrochim. Acta 69 (2012) 
397-405. 
[6.30] S. Sofiane, M. Bilel, Effect of specific surface area on photoelectrochemical 
properties of TiO2 nanotubes, nanosheets and nanowires coated with TiC thin films, J. 
Photoch. Photobio. A 324 (2016) 126-133. 
[6.31] Y. Li, T. Ishigaki, Core-shell micron-scale composites of titanium oxide and 
carbide formed through controlled thermal-plasma oxidation, Chem. Phys. Lett. 367 
(2003) 561-565. 
[6.32] S. Guan, L. Hao, H. Yoshida, H. Asanuma, F. Pan, Y. Lu, Influence of carbon 
atmosphere on surface morphology and photocatalytic activity of TiO2 coatings by 
multi-heat treatment, J. Mater. Sci. Mater. El. 27 (2016) 3873-3879. 
[6.33] K. Huang, Y. Li, Y. Xing, Carbothermal synthesis of titanium oxycarbide as 
electrocatalyst support with high oxygen evolution reaction activity, J. Mater. Res. 28 
(2013) 454-460. 
[6.34] C. Chen, J. Shieh, S. Hsieh, C. Kuo, H. Liao, Architecture, optical absorption, 
and photocurrent response of oxygen-deficient mixed-phase titania nanostructures, Acta. 
Mater. 60 (2012) 6429-6439.  
１７４ 
 
[6.35] R. Schaub, E. Wahlstrom, A. Ronnau, E. Lagasaard, I. Stensgaard, F. 
Besenbacher, Oxygen-mediated diffusion of oxygen vacancies on the TiO2 (110) 
surface, Science 17 (2012) 377-379. 
[6.36] S. Guan, L. Hao, H. Yoshida, F. Pan, H. Asanuma, Y. Lu, Enhanced 
photocatalytic activity of photocatalyst coatings by heat treatment in carbon atmosphere, 
Mater. Lett. 167 (2015) 43-46. 
[6.37] T. Choi, J.S. Kim, J.H. Kim, Transparent nitrogen doped TiO2/WO3 composite 
films for self-cleaning glass applications with improved photodegradation activity, Adv. 
Powder Technol. 27 (2016) 347-353. 
[6.38] Y. Tachibana, L. Vayssieres, J.R. Durant, Artificial photosynthesis for solar 
water-splitting, Nat. Photonics 6 (2012) 511-518. 
[6.39] X. Qi, G. Su, G. Bo, L. Cao, W. Liu, Synthesis of NiO and NiO/TiO2 films with 
electrochromic and photocatalytic activities, Surf. Coat. Tech. 272 (2015) 79-85. 
[6.40] P. Zhou, G. Yu, M. Jaroniec, All-solid-state Z-scheme photocatalytic systems, 
Adv. Mater. 26 (2014) 4920-4935. 
[6.41] Y. Lu, S. Guan, L. Hao, H. Yoshida, Review on the photocatalyst coatings of 
TiO2: fabrication by mechanical coating technique and its application, Coatings 5 
(2015) 425-464. 
[6.42] L. Li, F. Zhang, N. Guan, E. Schreier, M. Richter, NO selective reduction by 
hydrogen on potassium titanate supported palladium catalyst, Catal. Commun. 9 (2008) 
1827-1832. 
[6.43] J. Shen, H. Wang, Y. Zhou, N. Ye, G. Li, L. Wang, Anatase/rutile TiO2 
nanocomposite microspheres with hierarchically porous structures for high-performance 
lithium-ion batteries, RSC Adv. 2 (2012) 9173-9178. 
[6.44] X. Bai, L. Wang, R. Zong, Y. Lv, Y. Sun, Y. Zhu, Performance enhancement of 
ZnO photocatalyst via synergic effect of surface oxygen defect and graphene 
hybridization, Langmuir 29 (2013) 3097-3105. 
[6.45] X. Zhang, J. Qin, Y. Xue, P. Yu, B. Zhang, L. Wang, R. Liu, Effect of aspect 
ratio and surface defects on the photocatalytic activity of ZnO nanorods, Sci. Rep-UK 4 
(2014) 4596-1-8. 
[6.46] M. Gharagozlou, R. Bayati, Photocatalytic activity and formation of oxygen 
vacancies in cation doped anatase TiO2 nanoparticles, Ceram. Int. 40 (2014) 
10247-10253. 
１７５ 
 
[6.47] Y. Cong, J. Zhang, F. Chen, M. Anpo, Synthesis and characterization of 
nitrogen-doped TiO2 nanophotocatalyst with high visible light activity, J. Phys. Chem. 
C 111 (2007) 6976-6982. 
[6.48] K. Vanheusden, C.H. Seager, W.L. Warren, D.R. Tallant, J.A. Voigt, Correlation 
between photoluminescence and oxygen vacancies in ZnO phosphors, Appl. Phys. Lett. 
68 (1996) 403-405. 
[6.49] J. Das, D.K. Mishra, V.V. Srinivasu, D.R. Sahu, B.K. Roul, Photoluminescence 
and Raman studies for the confirmation of oxygen vacancies to induce ferromagnetism 
in Fe doped Mn: ZnO compound, J. Magn. Magn. Mater 15 (2015) 111-116. 
１７６ 
 
Chapter 7. Summary and prospects 
 
7.1 Summary on this work 
    The prime target of this work is to enhance photocatalytic activity of the 
photocatalyst coatings under visible light irradiation by mechanical coating technique 
(MCT) and heat treatment (HT) process, and the enhancement mechanism. Through the 
fabrication of different photocatalyst coatings by HT processes, the formation of 
photocatalyst, and the influence of HT process on the morphology evolution and 
photocatalytic activity were investigated. Another aim of this work is to attempt to study 
on enhancing the photocatalytic activity via adding other powder by MCT, and 
investigate the influence of adding powder on the coating formation. The results are 
summarized and listed as follows. 
7.1.1 Photocatalyst coatings fabricated by HT processes for Ti coatings 
1) HT in air for Ti coatings: The photocatalyst TiO2 coatings had been formed on the 
surface of Ti coatings by HT in air. With increasing the HT temperature, the influence 
on XR, surface morphology, and photocatalytic activity is remarkable. While extending 
the HT time at each temperature, the influence is relative slight. 
2) HT in carbon powder for Ti coatings: The photocatalyst TiO2-TiCxOy coatings had 
been formed on the surface of Ti coatings by HT in carbon powder. Comparison of 
photocatalyst coatings fabricated by HT in air, the photocatalyst coatings fabricated by 
HT in carbon powder show nano-bump structure and higher photocatalytic activity. 
With increasing the HT temperature, the change of surface morphology is obvious. The 
photocatalytic activity of the sample fabricated at 1173 K is highest. 
3) Multi-HT for Ti coatings: The influence of multi-HT on photocatalytic activity of the 
photocatalyst coatings is significant. The photocatalytic activity of the photocatalyst 
coatings show highest, with the multi-HT process of HT in carbon powder/HT in air/HT 
in carbon powder. 
4) HT with various HT processes: Based on the results of the photocatalyst coatings 
fabricated by various HT processes, including HT in air, HT in carbon powder, HT in 
carbon powder under relative lower oxygen partial pressure (0.1 Pa), HT in Al2O3 
powder, the reaction process of Ti and oxocarbon occurred during HT in carbon powder 
has been investigated, and the corresponding reaction model has been developed. 
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7.1.2 Photocatalyst coatings fabricated by HT processes for M-Ti coatings 
1) Fabrication of the M-Ti coatings: The M-Ti coatings had been successfully formed 
on the surface of Al2O3 balls by MCT with M (Cr, V and carbon) and Ti powders. The 
influence of the added amount of the Cr or V powder on the coating formation is slight, 
while the influence of the added amount of the carbon powder is remarkable. The 
carbon-Ti coatings are discontinuous, when the added amount of carbon powder is 
higher than 3%. 
2) HT in air for the Cr-Ti coatings: The photocatalyst TiO2 coatings had been formed on 
the surface of Cr-Ti coatings by HT in air. With increasing the HT temperature, the 
influence on XR, surface morphology, and photocatalytic activity is remarkable. While 
extending the HT time at each temperature, the influence is relative slight. 
3) HT in air for the V-Ti coatings: The photocatalyst TiO2 coatings had been formed on 
the surface of V-Ti coatings by HT in air. With increasing the added amount of V 
powder, the photocatalytic activity decreases, at each HT conditions. 
4) HT in air for the carbon-Ti coatings: The photocatalyst TiO2 coatings had been 
formed on the surface of carbon-Ti coatings by HT in air. With increasing the added 
amount of the carbon powder, the influence on formed compounds, surface morphology, 
and photocatalytic activity is remarkable. While changing the HT temperature or time, 
the influence is relative slight. 
7.1.3 Photocatalyst coatings fabricated by HT processes for TiC coatings 
1) HT in air for TiC coatings: The photocatalyst TiO2 coatings had been formed on the 
surface of TiC coatings at 1073 K for 15 h. A micro-bump structure with rutile TiO2 
forms, and the samples hardly show any photocatalytic activity. 
2) HT in carbon powder for TiC coatings: Comparison of photocatalyst coatings 
fabricated by HT in air, the photocatalyst coatings fabricated by HT in carbon powder 
show nano-bump structure and higher photocatalytic activity. With extending the HT 
time at 1073 K, the photocatalytic activity of the samples decreases, and the 
photocatalytic activity shows higher at 1073 K for 2 h. While increasing the HT 
temperature for 2 h, the change of surface morphology is obvious. The photocatalytic 
activity of the samples first increases then decreases. The photocatalytic activity of the 
samples fabricated at 1073 K and 1173 K is highest.  
3) Fabrication of the TiC-Ti coatings: The TiC-Ti coatings had been successfully formed 
on the surface of Al2O3 balls by MCT with TiC and Ti powders. The influence of the 
added amount of the TiC powder on the coating formation is remarkable, and it could 
drew the conclusion that Ti powder is easier to coat on Al2O3 balls than that of TiC 
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powder. The influence of the added amount of TiC powder on the thickness of the 
TiC-Ti coatings could be considered to be with three stages. The TiC-Ti coatings are 
discontinuous, when the added amount of carbon powder is higher than 60%. 
4) HT in carbon powder for the TiC-Ti coatings: After HT in carbon powder for the 
TiC-Ti coatings, rutile TiO2 formed on the surface of the TiC-Ti coatings to be the 
photocatalyst composite coatings of TiO2/TiC-Ti. The photocatalytic activity of the 
TiO2/TiC-Ti coatings under visible light irradiation first increased and then decreased, 
with increasing the added amount of TiC powder, and the photocatalytic activity shows 
highest when the added amount of TiC powder is 60%. 
5) Molten salt treatment for TiC coatings and Ti coatings: Black photocatalyst 
composite coatings of K2Ti6O13-TiO2/TiC fabricated by low-temperature molten salt 
treatment for TiC coatings, significantly increase adsorption stability and enhance 
photocatalytic activity. The surface morphology of K2Ti6O13-TiO2/TiC is flower-like 
structure with nano-sheet (about 20 nm thick). While the coatings of K2Ti6O13/Ti by the 
same treatment for Ti coatings appear light-gold. 
7.1.4 Comparison of photocatalytic activity of photocatalyst coatings  
    In order to compare the photocatalytic activity of photocatalyst coatings, Fig. 7.1 
shows the summary of the photocatalytic activity of the photocatalyst coatings, 
including the photocatalyst coatings fabricated by various HT processes in our group 
and other researches [7.1-7.6]. Because the evaluation method of the photocatalytic 
activity of photocatalyst materials is usually different, such as the degradation subject, 
the concentration of the degradation subject its amount, the shape of photocatalyst and 
its amount, the kind of light sources and its intensity, and so on. .Here just shows the 
results of comparing with that of the degradation of MB solution by the photocatalyst 
coatings of films, and the dates are latest, referred from the top journals [7.4-7.6]. The 
experiment process in our group has been summarized in Table 7.1. Moreover, Fig. 7.1 
just shows the higher photocatalytic activity of the photocatalyst coatings fabricated by 
each HT process for each coatings. For example, the Ti-Air sample fabricated by HT in 
air for Ti coatings shows highest photocatalytic activity, compared with the Ti-Air-xKyh 
samples. The left three samples fabricated with TiC show relative higher photocatalytic 
activity, compared with the other samples. From the comparison of photocatalytic 
activity of photocatalyst coatings (Fig. 7.1), it could clearly find that photocatalyst 
coatings with heterojunction of TiO2 and TiC show satisfactory photocatalytic activity, 
under both UV and visible light irradiation. 
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Table 7.1 Experiment process for the samples with various conditions. 
Sample mark Coating materials in MCT 
HT process  
(Atmosphere: Temp./Time) 
TiC-C TiC powder HT in carbon powder: 1073 K / 15 h 
60%TiC-Ti-C TiC and Ti powders HT in carbon powder: 1073 K / 15 h 
Ti-Air Ti powder HT in air: 1073 K / 15 h 
Ti-C Ti powder HT in carbon powder: 1073 K / 15 h 
Ti-multi-HT Ti powder 
HT in carbon powder: 1073 K / 2 h 
HT in air: 1073 K / 15 h 
HT in carbon powder: 973 K / 0.5 h 
Cr-Ti-multi-HT Cr and Ti powders 
HT in carbon powder: 1073 K / 2 h 
HT in air: 1073 K / 15 h 
HT in carbon powder: 973 K / 0.5 h 
V-Ti-multi-HT V and Ti powders 
HT in carbon powder: 1073 K / 2 h 
HT in air: 1073 K / 15 h 
HT in carbon powder: 973 K / 0.5 h 
Ti-MS Ti powder 
HT in air: 873 K / 2 h 
HT in molten salt mixture of KNO3 and 
K2CO3: 773 K / 20h:  
HT in air: 973 K / 20 h 
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Fig. 7.1 Photocatalytic degradation rate of methylene blue solution by the samples in 
our group. The standard degradation rate for determining performance of 5 nmol L-1 
min-1 (red line), referring to the Photocatalysis Industry Association of Japan. 
(http://www.piaj.gr.jp/roller/en/entry/20090121) 
 
7.2 Prospects 
7.2.1 Photocatalyst coatings fabricated by HT in carbon powder 
    The enhancement on the photocatalytic activity of the photocatalyst coatings 
fabricated by HT in carbon powder is significant. The reaction during HT in carbon 
powder has been investigated and the relative model also has been proposed. A wide 
range of experimental observations on the reaction mechanism during HT in carbon 
powder is required. To control the amount of element (C, O and Ti) in the formed 
compounds during HT in carbon powder is difficult, and the amount of element would 
directly effect on the photocatalytic activity. Therefore, further deep investigation 
should be continued. Molecular dynamics (MD) simulation provides us with a new 
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approach to study and design the materials. I will continue the research on the 
enhancement on the photocatalytic activity of photocatalyst coatings with MD 
simulation in the future. 
7.2.2 Photocatalyst coatings fabricated using TiC powder  
At present, the photocatalytic activity of the photocatalyst coatings fabricated by 
HT in carbon powder for TiC coatings is highest in our group. At same time, the method 
of fabrication is simple, low-cost. It is suitable to apply in photocatalyst devices. 
However, the application with the photocatalyst coatings fabricated by HT in carbon 
powder for TiC coatings is inadequate. I will also attempt to prepare some devices with 
this sample, such as treatment unit for waste water, device for water splitting, and so on. 
Also, the mechanism during HT in carbon powder for TiC coatings will be studied with 
experiment, MD simulation, and so on. 
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